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The work in this thesis focuses on the martensitic steel known as P91.
In this work the mechanical response of the material was examined
through finite element material modelling and the results validated
through experimental methods. The primary goal of this research is
(i) to accurately represent the material response of P91 at a range
of temperatures, and (ii) to validate the material model through the
analysis of crystallographic orientations on the micro scale.
Uniaxial tensile tests were conducted using parent metal, weld metal
and cross weld specimens that had been extracted from a functioning
power plant with 20,000 hours of service. The results of the parent
P91 were consistent with other literature results in the case of yield
strength and elastic modulus. However the ductility of the steel was
reduced after experiencing service. The weld results showed a con-
siderable increase in yield strength when directly compared to P91
parent steel.
The uniaxial high temperature data was used to calibrate a crystal
plasticity material model based on a flow rule. The flow rule is a slip-
system based crystal plasticity model used to represent the material
deformation at the micro scale. Specimen level modelling also took
place, where the material model was represented by the uniaxial data
provided by the experimental testing in an isotropic elastic plastic
model formulation.
Microscopy was undertaken to investigate the microstructure of P91.
Scanning electron microscopy (SEM) was utilised as well as elec-
tron backscatter diffraction (EBSD) to characterise the complex grain
structure associated with martensitic steels. This crystallographic
data was utilised in the modelling of the micro scale analysis of the
steel.
Crystal deformation offered a means of evaluating how well the ma-
terial model predicts the change in orientations. It was found that in
general, the material model gave a good prediction of the change in
crystallographic orientations for both the room temperature and high
temperature cases.
Acknowledgements
I would like to take this opportunity to express my gratitude to my
two supervisors Prof. Noel O’Dowd and Dr Peter Tiernan for all their
help and support. I would also like to thank Dr Dongfeng Li, Dr Yina
Guo and Mr. Stephen Scully for all their help and advice throughout
this PhD. I would also like to thank the Irish Centre for High-End
Computing (ICHEC) for the use of their equipment.
I would also like to thank all my friends in UL for all their help and
support throughout. Thank you Bronadh Lynch for being an abso-
lute immovable rock throughout this whole mess, we’ll always have
that chocolate biscuit cake! Leonard ”Sicknote” Browne and Seamus
Hickey (Limerick Hurler BTW) deserve some sort of award for putting
up with me over the years, especially in the early ”Paddock Years”.
Dan Mortell, thank you for all the help/laughs/flights/cracked soft-
ware you’ve given me! Huge thanks to Maria Heffernan, who always
managed to keep me on my toes with a combination of strong coffee
and mild heart attacks, but also kept me sane for the last two years!
Thank you Ciara Griffin, who’s ears needed to be surgically reattached
after me burning them off her for the bones of two years. Finally,
thanks to Mark Hardiman for sweeping me off my feet and providing
me with countless hours of talking absolute rubbish at lunch/tea/ice-
cream/rigged tennis matches.
I couldn’t have done this without my awesome parents and sisters,
thank you so so much, your love and support was unwavering and
always gave me an escape route when times were tough.
ii
Contents
List of Tables vii
List of Figures ix
Glossary xvii
1 Introduction 1
1.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Scope of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Literature review 9
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Characteristics of P91 steel . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 Identification of grain size . . . . . . . . . . . . . . . . . . 13
2.2.2 Heat treatment of P91 . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Ageing of P91 . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Material modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 Macroscale modelling . . . . . . . . . . . . . . . . . . . . . 16
2.3.1.1 Elastic deformation . . . . . . . . . . . . . . . . . 16
2.3.1.2 Plastic deformation . . . . . . . . . . . . . . . . . 17
2.3.1.3 Creep . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.2 Microscale modelling . . . . . . . . . . . . . . . . . . . . . 19
2.3.2.1 Elastic deformation . . . . . . . . . . . . . . . . . 19
2.3.2.2 Plastic deformation . . . . . . . . . . . . . . . . . 21
2.3.3 Crystal plasticity model . . . . . . . . . . . . . . . . . . . 22
iii
CONTENTS
2.3.4 Microstructural modelling . . . . . . . . . . . . . . . . . . 25
2.4 Diffraction techniques . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.1 Electron backscatter diffraction . . . . . . . . . . . . . . . 28
2.4.1.1 Pole Figures . . . . . . . . . . . . . . . . . . . . . 30
2.4.1.2 Orientation Representation using Euler Angles . 32
2.4.2 Neutron diffraction . . . . . . . . . . . . . . . . . . . . . . 34
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3 Experimental characterisation of P91 39
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Material service history . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Specimen design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.1 Tensile specimens . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.2 Cross weld specimens . . . . . . . . . . . . . . . . . . . . . 43
3.3.3 Compact tension specimens . . . . . . . . . . . . . . . . . 44
3.3.4 Micro bend specimen . . . . . . . . . . . . . . . . . . . . . 46
3.3.5 Neutron diffraction specimens . . . . . . . . . . . . . . . . 46
3.4 Specimen Preparation for Microscopy . . . . . . . . . . . . . . . . 47
3.5 Testing methodology . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.1 EBSD analysis . . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.2 Uniaxial testing . . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.3 Compact tension testing . . . . . . . . . . . . . . . . . . . 53
3.5.4 Micro bend testing . . . . . . . . . . . . . . . . . . . . . . 53
3.5.5 Neutron diffraction testing . . . . . . . . . . . . . . . . . . 54
3.6 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.6.1 Tensile test data . . . . . . . . . . . . . . . . . . . . . . . 55
3.6.2 Compact tension . . . . . . . . . . . . . . . . . . . . . . . 59
3.6.3 Micro bend . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.6.4 Neutron diffraction . . . . . . . . . . . . . . . . . . . . . . 62
3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
iv
CONTENTS
4 Finite element modelling of P91 steel 67
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 Material model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3 Finite element implementation: microscale analysis . . . . . . . . 70
4.3.1 Voronoi tesellation method . . . . . . . . . . . . . . . . . . 70
4.3.2 Use of measured EBSD data . . . . . . . . . . . . . . . . . 71
4.3.3 Boundary conditions . . . . . . . . . . . . . . . . . . . . . 76
4.3.4 Submodelling . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.4 Finite element implementation: specimen level analysis . . . . . . 79
4.4.1 Micro bend specimen . . . . . . . . . . . . . . . . . . . . . 79
4.4.2 Compact tension specimen . . . . . . . . . . . . . . . . . . 80
4.4.3 Material model . . . . . . . . . . . . . . . . . . . . . . . . 80
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5 Validation of crystal plasticity model 83
5.1 Modelling results . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2 Results of micro bend tests . . . . . . . . . . . . . . . . . . . . . . 86
5.2.1 Finite element results . . . . . . . . . . . . . . . . . . . . . 90
5.2.1.1 Specimen level modelling . . . . . . . . . . . . . 90
5.2.1.2 Microscale model analysis . . . . . . . . . . . . . 91
5.2.2 Specimen level results . . . . . . . . . . . . . . . . . . . . 91
5.2.3 Microscale results . . . . . . . . . . . . . . . . . . . . . . . 93
5.3 Results of CT tests . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.3.1 Finite element results . . . . . . . . . . . . . . . . . . . . . 98
5.3.2 Specimen level results . . . . . . . . . . . . . . . . . . . . 100
5.3.3 Microscale results . . . . . . . . . . . . . . . . . . . . . . . 102
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6 Case Study: Comparison of modelling techniques for the explicit
modelling of 9Cr martensitic steel 109
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.2 Measured microstructure model implementation . . . . . . . . . . 111
6.3 Analysis of stress and strain distribution . . . . . . . . . . . . . . 117
v
CONTENTS
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7 Conclusions and Future Work 125
7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.2 Experimental testing . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.2.1 Uniaxial tensile testing . . . . . . . . . . . . . . . . . . . . 126
7.2.2 Microbend testing . . . . . . . . . . . . . . . . . . . . . . . 127
7.2.3 Compact tension testing . . . . . . . . . . . . . . . . . . . 128
7.3 Numerical simulation of P91 steel . . . . . . . . . . . . . . . . . . 128
7.3.1 Microbend modelling . . . . . . . . . . . . . . . . . . . . . 128
7.3.2 Compact tension modelling . . . . . . . . . . . . . . . . . 129




2.1 Composition of P91 steel (in mass %), Haarmann et al. (2002). . . 10
2.2 Zener ratio for steel alloying materials . . . . . . . . . . . . . . . 21
3.1 Elastic modulus, yield strength, ultimate strength and fracture
strain of the tested samples. (results are for strain rate of 0.1%/s) 57
3.2 Diffraction elastic constants in the longitudinal direction for P91
steel with E and P superscripts denoting data from ENGIN-X and
POLDI respectively at room temperature . . . . . . . . . . . . . . 63
4.1 Material model implementation for the plastic response of P91 steel
within ABAQUS. Experimental data taken from tensile testing of
P91 steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.1 Material constants used in the single crystal material model for
P91 martensitic steel. . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.2 Crystal deformation results. . . . . . . . . . . . . . . . . . . . . . 97
5.3 Crystal deformation results. . . . . . . . . . . . . . . . . . . . . . 107
6.1 Material parameters for martensitic steel (P91) . . . . . . . . . . 113





1.1 The division of renewable energy in Ireland from 2002 to 2013,
showing the increased utilisation of wind energy, Howley et al.
(2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Energy demands plotted against both the predicted wind forecast
and the actual output from wind energy over a 24 hour period.
Adapted from (Ackermann et al., 2009) . . . . . . . . . . . . . . . 3
1.3 Evolution of the modern power plant in terms of plant efficiency
and steam temperature and pressure. Adapted from Umweltbun-
desamt (2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Ligament cracking at a bore hole of a P91 header and (b) cross
section of the ligament crack highlighting oxide cracking to be the
crack initiation mechanism. (Viswanathan and Stringer (2000)) . 5
2.1 Hierarchical microstructure of 912Cr steels, with high angle bound-
aries (HAB) and low angle boundaries (LAB) highlighted. Barrett
et al. (2014) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Transmission electron microscopy image of P91 steel (a) before
testing and (b) after creep-fatigue testing at 500◦, Fournier et al.
(2011) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 EBSD scan highlighting the misorientations between neighbouring
laths and blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 EBSD scan of P91 and (b), frequency of misorientations from the
same EBSD scan, taken from Panait et al. (2010a) . . . . . . . . . 15
2.5 Typical heat treatment for P91. Haarmann et al. (2002) . . . . . 16
ix
LIST OF FIGURES
2.6 SEM micrographs of (a) as received P91 steel and (b) after high
temperature creep loading at 600 ◦C, after Panait et al. (2010b) . 17
2.7 Schematic of the uniaxial tensile response (engineering stress-strain)
of a typical metallic material . . . . . . . . . . . . . . . . . . . . . 18
2.8 Schematic of the uniaxial creep behaviour showing (I) primary
creep, (II) steady-state creep and (III) tertiary creep . . . . . . . 19
2.9 Schematic of 2 planes of atoms, with the slip plane and slip direc-
tion highlighted . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.10 Schematic of the movement of an edge dislocation in a lattice struc-
ture where (a) shows the initial position of the dislocation under
shear stress and (b) shows the movement of the dislocation across
the lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.11 SEM micrograph of the surface of P91, black outline represents a
typical block. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.12 Schematic of the experimental set up of the scanning electron mi-
croscope during EBSD measurements . . . . . . . . . . . . . . . . 29
2.13 Typical Kukichi pattern of a martensitic steel . . . . . . . . . . . 30
2.14 Stereographical projection of a reference sphere with an embedded
crystal highlighting corresponding pole points (McGraw-Hill 2015) 31
2.15 (a) is the stereographic projection of a reference sphere, and (b) is
a typical pole plot of a martensitic steel on the equator plane . . . 32
2.16 The relationship between the crystal orientation and the reference
orientation and the rotations required to visualise the Euler angles 33
2.17 (a) A typical diffraction pattern of a mild steel, giving intensity,
or number of neutrons, plotted against the scattering angles 2θ.
and (b) a zoomed in image of (a), showing the changes in response
after deformation, Oliver et al. (2004b) . . . . . . . . . . . . . . . 36
3.1 (a) The Lough Ree peat-fired power plant, and (b) the P91 header
in Lough Ree power station . . . . . . . . . . . . . . . . . . . . . 40
3.2 Cold start-up and cool-down profile for Lough Ree power plant,
Scully (2011) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.3 Schematic of the specimen used in high temperature tensile testing 42
x
LIST OF FIGURES
3.4 Example of wire EDM, where P91 rods were removed from a piece
of header in the axial direction . . . . . . . . . . . . . . . . . . . . 42
3.5 Manufactured P91 weld from the Lough Ree powerplant, used to
simulate a weld repair in a typical header component. The rusted
surface indicates the additional parent P91 added by the welding
process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.6 The schematics of both the cross weld and weld tensile specimens,
showing the position of the weld is each case . . . . . . . . . . . . 44
3.7 Cold, warm and hot start up profiles from Coolkeeragh power sta-
tion, Scully (2011) . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.8 Schematic of the compact tension specimen . . . . . . . . . . . . . 46
3.9 Schematic of the compact tension specimen . . . . . . . . . . . . . 47
3.10 Schematic of the micro bend specimen, specimen thickness = 2mm 47
3.11 Schematic of the specimen used in neutron diffraction testing . . . 48
3.12 Optical microscope images showing the surface of the steched steel
after (a) 45 and (b) 90 seconds of immersion in the etchant . . . 48
3.13 Equipment used to polish the specimen for SEM analysis (a) the
Buehler Phoenix 4000 (b) the Buehler VibroMet 2 . . . . . . . . . 49
3.14 The area of interest with notch root highlighted as well as the
scanned surface of the sample after EBSD analysis. . . . . . . . . 51
3.15 (a) Furnace and Tinius Olden tensile test rig used for the high
temperature tensile tests and (b) schematic of the furnace with
tensile specimen in-situ . . . . . . . . . . . . . . . . . . . . . . . . 52
3.16 Experimental set up for compact tension testing . . . . . . . . . . 52
3.17 Deben microtster during a micro bend test . . . . . . . . . . . . . 54
3.18 Neutron diffraction experimental setup at the ISIS facility in the
United Kingdom . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.19 High temperature tensile test results at a range of temperatures
and strain rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.20 Micrograph of the fracture surface of a tensile specimen tested to
failure at 600 ◦C and 0.1%/s . . . . . . . . . . . . . . . . . . . . . 58
3.21 Tensile results for the weld specimens at different temperatures
compared to the parent specimen results . . . . . . . . . . . . . . 59
xi
LIST OF FIGURES
3.22 Tensile results for the cross weld specimens compared to the parent
specimen results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.23 High temperature CT test result at 500◦ C . . . . . . . . . . . . . 61
3.24 The compact tension specimen notch opening . . . . . . . . . . . 61
3.25 Force vs. displacement plot for the micro bend experiment taken
at room temperature . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.26 Microbend specimen highlighting the notch opening after loading 63
3.27 Room temperature data from the ND experiments undertaken at
POLDI and ENGIN-X for the 110 longitudinal direction . . . . . 64
4.1 FE RVE of P91 steel which has been generated using Voronoi tes-
sellation, and a section of the model highlighting the mesh used in
the analysis. Each grain contained roughly 55 elements. . . . . . . 71
4.2 Conversion from EBSD data to the nodal information for the finite
element mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.3 Simplification of 6 unique lattice orientations to 2 orientations . . 74
4.4 FE RVE representing the microstructure of P91 steel. The legend
highlights the crystallographic orientations represented by each el-
ement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.5 Periodic boundary conditions applied to a 2D RVE . . . . . . . . 77
4.6 Demonstration of the effect periodic boundary conditions have on
an RVE model, and how it can represent a much larger area of
material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.7 3D FEA representation of the micro bend specimen with loading
conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.8 Specimen level model of the compact tension specimen with load-
ing conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.1 Plot of the accumulated equivalent strain present in the RVE after
loading at 600 ◦C with a strain rate of 1%/s . . . . . . . . . . . . 84
5.2 Predicted modelling results compared to the stress strain response
of P91 steel at a range of temperatures to failure . . . . . . . . . . 85
5.3 Entire EBSD scan (1500 blocks) with highlighted regions A (35
blocks) and B (20 Blocks). All scans are taken at the notch root . 87
xii
LIST OF FIGURES
5.4 Inverse pole figures capturing the initial misorientation distribution
to (a) highlight the intensity of the preferred texture and (b) show
the orientations of the grains before loading . . . . . . . . . . . . 88
5.5 The force versus deflection response of the plane stress, generalised
plain strain and 3D finite-element models of the three point bend
specimen. The experimental response of the specimen is also included 89
5.6 Specimen level validation for the elastic plastic model (a) the spec-
imen notch after loading and (b) the elastic-plastic model notch
after loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.7 Specimen level model showing total plastic strain with highlighted
area of interest at the notch tip. . . . . . . . . . . . . . . . . . . . 92
5.8 Accumulated equivalent plastic strain (εeq) in the RVE correspond-
ing to a global bending displacement of 2.8 mm . . . . . . . . . . 94
5.9 The initial microstructure (a) attained from the EBSD analysis
before loading, the deformed microstructure (b) after loading and
the predicted microstructure (c) achieved by modelling the initial
microstructure applying appropriate loading . . . . . . . . . . . . 95
5.10 Inverse pole plots to compare directly with the initial textures,
with (a-b) the experimental data and (c-d) the FE model . . . . . 96
5.11 The inverse pole plot of the EBSD scan taken at the notch root
before testing, also highlighted are two other regions of interest . . 98
5.12 Inverse pole figures of (a) the intensity of orientation preference
and (b) the individual crystallographic orientations in Region A
before loading occurred . . . . . . . . . . . . . . . . . . . . . . . . 99
5.13 True stress-strain high temperature uniaxial data for P91 steel used
on the elastic plastic material model for the specimen level analysis 100
5.14 Enchanced mesh of the area of interest where the nodal displace-
ments were used to apply the boundary conditions to the micro
scale RVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.15 Specimen level model validation using the (a) experimental notch
opening value to compare to the (b) specimen level analysis notch
opening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
xiii
LIST OF FIGURES
5.16 Force versus notch opening plot of the high temperature compact
tension experimental data and the specimen level analysis . . . . 103
5.17 Contour map of the accumulated equivalent plastic strain in the
micro scale RVE after loading was applied . . . . . . . . . . . . . 104
5.18 Inverse pole plots of the (a-b) experimental results taken from the
EBSD scan and (c-d) the modelling results taken from the RVE
analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.19 The initial microstructure (a) attained from the EBSD analysis
before loading, the deformed microstructure (b) after loading and
the predicted microstructure (c) achieved by modelling the initial
microstructure applying appropriate loading . . . . . . . . . . . . 106
6.1 Generated microstructure model with grains obtained using Voronoi
tessellation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
6.2 Euler angle information obtained from electron backscatter diffrac-
tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.3 Global stress versus strain graph of the two RVE models under
10% uniaxial loading. . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.4 Normal stress distribution in the MM model at 10% uniaxial loading.113
6.5 Normal stress distribution in the GM model at 10% uniaxial loading.114
6.6 Histogram of the stress distribution in the MM model at 10% strain.115
6.7 Histogram of the stress distribution in the GM model at 10% strain.116
6.8 Accumulated equivalent plastic strain distribution in MM model
at 10% uniaxial loading. . . . . . . . . . . . . . . . . . . . . . . . 117
6.9 Accumulated equivalent plastic strain distribution in GM model
at 10% uniaxial loading. . . . . . . . . . . . . . . . . . . . . . . . 118
6.10 Histogram of the accumulated equivalent plastic strain in the MM
model at 10% strain. . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.11 Histogram of the accumulated equivalent plastic strain in the GM
model at 10% strain. . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.12 Macroscopic experimental stressstrain data fitted with constitutive
law. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
xiv
LIST OF FIGURES
6.13 A cumulative distribution function showing the FEA results com-






α Alpha Slip Plane
β Beta Slip Plane
∆ Change in Value
δ Kronecker Delta






φ 1st rotation axis






θ 2nd rotation axis
Abbreviations
3PB Three Point Bend
ASME American Society of Mechanical Engineers
BCC Body Centre Cubic
CD Crystal Deformation
CDF Cumulative Distribution Function
CT Compact Tension
EBSD Electron Backscatter Diffraction
EDM Electrical Discharge Machining
FCC Face Centre Cubic
FE Finite Element
GM Generated Microstructure
HAZ Heat Affected Zone
HCP Hexagonal Close Packed
HTTT High Temperature Tensile Test
ICHEC Irish Centre for High-End Computing
ISO International Organization for Standardization
LAB Low Angle Boundary
MLI Mean Line Intercept
MM Measured Microstructure




NUIG National University Galway
PAGB Prior Austenite Grain Boundary
PDF Probability Density Function
POLDI Pulse Overlap time-of-flight Diffractometer
PSI Paul Sherrer Institut
RA Reduction in Area
RD Rolling Direction
RVE Representative Volume Element
SEAI Sustainable Energy Authority Ireland
SEM Scanning Electron Microscopy
TD Transverse Direction
TMFS Tempered Martensitic Ferritic Steel
TOF Time of Flight
UL University of Limerick
UMAT User Material







The power generation industry is one of the most important resources in modern
society, with almost every function of the world requiring some form of power.
In the last 30 years renewable energies have played an increasingly important
role in sustaining world energy needs. Ireland’s use of renewable energy has
increased from 1.8% of the total energy needs in 1990 to 2.2% in 2004, Howley
et al. (2015). This growth has continued and in 2015 Ireland produces 20% of its
electricity requirements from renewable sources. This renewable energy can be
broken into several sources, with wind energy being the main contributor. 70%
of the energy needs in Ireland are met through the burning of fossil fuels, with
natural gas providing 55%, coal 15% and peat providing a further 8%, Howley
et al. (2015). However, the government has targeted an increase in the utilisation
of renewable energy as a means of offsetting fossil fuel dependency, with the aim
to have renewable energy provide 30% of the country’s energy needs.
The breakdown of renewable energy in Ireland can be seen in figure 1.1, where
it can also be noted the increase in wind energy over the last decade. The power
generated by wind energy is planned to increase to 735 GW in 2050 (70 % of the
EU’s energy needs), with several large onshore and offshore wind farms already
in production, Howley et al. (2015).
However wind energy, by its nature is an intermittent resource with peaks and
troughs in its maximum power output based on the prevailing winds. When the
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Figure 1.1: The division of renewable energy in Ireland from 2002 to 2013, show-
ing the increased utilisation of wind energy, Howley et al. (2015)
wind energy is operating at peak output, the load on fossil fuel power plants is
reduced and when the available wind energy is low fossil fuel power plants are
required to offset the power deficit. This intermittent loading of power plants
is something that was not in the original design brief when these power plants
were constructed. These instances have been considered at length in literature,
Ackermann et al. (2009), Holttinen et al. (2011). Figure 1.2 shows the power
consumption for 24 hours, it also presents both the predicted wind forecast and
the actual power output from the turbines, showing the difficulty in predicting
the power needed to match consumption needs.
This balancing of fossil fuel power generation and wind energy is aided by
advanced wind forecasting systems and simulation tools, Ackermann et al. (2009).
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Figure 1.2: Energy demands plotted against both the predicted wind forecast
and the actual output from wind energy over a 24 hour period. Adapted from
(Ackermann et al., 2009)
However, the negative effects on the additional thermal cycling of power plants
due to this new phenomenon have not been fully quantified. A further, related
issue in regard to operation of a fossil fuel power plant comes from the need
for more thermally efficient power generation. This is primarily achieved by
increasing both the steam temperature and pressure in power plants. Figure 1.3
depicts the increasing operating pressure and temperature in power plants as
the energy demands increase. However, the more severe loading conditions can
impact on the materials performance.
With harsher environments, and additional cyclic loading, the steels utilised in
modern power plants may be subjected to accelerated degradation and therefore
early failures. Due to these factors, the power generation industry are always
looking at new, more advanced steels to be used in power plant applications.
3
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Figure 1.3: Evolution of the modern power plant in terms of plant efficiency and
steam temperature and pressure. Adapted from Umweltbundesamt (2015)
Power plant components can fail in an variety of ways, from a violent pressurised
explosion to the discovery of crack growth on the component surface. A common
failure in a power plant header can be seen in figure 1.4(a), where a crack has
begun to propagate from a ligament hole in the main pipe. Figure 1.4(b) shows a
cross section of the crack, along with oxidation that has occurred due to the crack
initiation. Plant down time, cost of repair and the overall danger to human life
are the key factors driving the research into finding a way to accurately predict
the material behaviour of power plant steels.
Understanding the candidate steel used in modern power plants has become
an important goal in plant and component design. Steels with 9 % chromium
content are already extensively employed in power plants, Haarmann et al. (2002),
4
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Figure 1.4: Ligament cracking at a bore hole of a P91 header and (b) cross
section of the ligament crack highlighting oxide cracking to be the crack initiation
mechanism. (Viswanathan and Stringer (2000))
and are well defined in terms of material constants. However, as highlighted, the
design brief did not account for the intermittent nature of the thermal loading
when wind energy came into effect. An increase in the frequency of the on site
non-destructive testing is a viable option in reducing the risk of sudden component
failure, with particular care taken at welded joints and areas of previous failure,
Scully (2011). However, the challenge of accurately predicting the microstructure
evolution, the role of increasing operating temperatures and increased thermal
cycling motivate the need for further experimental and modelling investigation
1.2 Aims and Objectives
The key aims of this work are:
• To develop a robust material model based on a flow rule that solves for
the slip systems within the material to accurately predict the response of a
tempered martensite ferritic steel at a range of materials.
• To develop a testing methodology with the capability to test at a range




• Conduct high temperature tests on service aged P91 steel to investigate the
effect of temperature and strain rate on the steel
• Validate the material model at the block level (above the lath level) through
the use of electron backscatter diffraction and the evolution of the crystal-
lographic orientations
The key objectives of the work are:
• Commission and test ex-service P91 steel to failure in a uniaxial tensile test
rig at a range of temperatures and strain rates
• Develop and calibrate constitutive models for a range of temperatures using
the tensile experimental data
• Create a specimen level modelling analysis using the uniaxial data to create
an elastic plastic model
• Prepare the surface of the steel and preform EBSD scans to investigate the
crystallographic orientation of the microstructure
• Develop a means of quantifying the change in crystallographic orientation
within microstrucutural blocks
1.3 Scope of thesis
The outline of this thesis is as follows;
Chapter 2 consists of a literature review of the research that has been carried
out that are relevant to this work, with particular attention paid to the power
plant steel utilised in this project, P91. The attributes, manufacturing heat
treatments and microstructure of the steel are highlighted, along with the current
experimental techniques used to investigate the steels response. The most up to
date material modelling techniques are analysed and their application to the
current work investigated.
Chapter 3 includes details of all the experimental analysis undertaken within
this work. It includes the design process for the specially commissioned uniaxial
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tensile specimen, the compact tension specimen as well as the three point bend
sample. All these samples are prepared from ex service P91 steel. Details of the
specimen preparation for microscopy through etching, polishing and buffing are
also provided. This chapter also provides information pertaining to the testing
methodologies for each specimen, with the temperatures, strain rates and loading
configurations shown in detail. The final section in this chapter presents the
results from each experimental procedure.
Chapter 4 consists of the modelling methodologies utilised in this work. The
flow rule material model is discussed here, with the various parameters of the
formulation explained in detail. The finite element implementation is explained
for both the specimen level model and the meso scale model, with a detailed
explanation of the conversion of the EBSD crystallographic orientations into data
to be used in the material model formulation. A comparison of a generated
microstructure model and a measured microstructure model is presented, where
a model generated by using Voronoi tessellation is contrasted with a model that
utilises the crystallographic information from an EBSD scan. The existing data
from the uniaxial testing was utilised to create an elastic plastic material model
that was implemented within the specimen level analysis for the ex-service P91
steel. The final section of this chapter shows the results of both the specimen
and meso scale analysis.
Chapter 5 investigates the calibration of the flow rule based material model
with the uniaxial tensile data. These calibrations were undertaken for room
temperature, 400, 500 and 600◦ C, using an FEA framework. A simulated creep
analysis was also undertaken using the model for the steel operating at 600◦ C
and compared with data from literature.
Chapter 6 consists of a microstructural study of the change in crystallographic
orientation of the steel at room temperature when loaded in a three point bend
configuration. This study focuses on studying the change in the crystallographic
orientation outputted by the EBSD scan and comparing the results with a mod-
elling prediction from an FEA modelling framework.
Chapter 7 focuses on applying a similar technique as shown in chapter 6,
however the loading conditions and the temperature that the steel is tested at
are significantly different. The compact tension specimen is tested at 500◦ C and
7
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offers a complex multiaxial loading condition. The modelling prediction are com-
pared with the experimental data produced by the EBSD analysis after loading
was complete. The crystal deformation analysis is then used to quantitatively
compare the results.
Chapter 8 concentrates on the main conclusions draw from the thesis as well





The changing face of power generation requires an improved understanding of
the deformation and failure response of materials that are employed in power
generating plants. Power plant failures can be extremely costly due to the down
time required to repair the damaged component, Scully (2011), as well as the
cost of replacing the part in question. A better understanding of the material
behaviour is required, with experimental testing and computational modelling
becoming key tools in helping to build a knowledge base for predictive planning.
With such a framework in place, scheduled inspections of a power plant can
be undertaken at appropriate time intervals determined by the knowledge gained
from predictive planning. This reduces plant downtime as well as reducing the risk
of catastrophic failure in critical components. Fossil fuel power plants generally
need to operate at high temperatures for long periods under cyclic loading to
meet demand from the national grid.
In the past different steels have been considered in the implementation of
power plant components, Farragher et al. (2013). Stainless steels such as 316H
have demonstrated promising attributes in terms of creep properties and corro-
sion resistance. However, the focus of the research has now turned to tempered
martensite ferritic steels with a high chromium content. These steels are widely
used for critical applications within modern power generation plants on account
of their excellent fatigue and creep resistance. Due to the importance of these
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applications, a rigorous and robust analysis of the materials response under a
variety of conditions must be undertaken.One such steel, P91 has been exten-
sively studied due to its importance to the power generation industry, however
relativity little is known about the interactions of the steels microstructure under
power plant conditions.
This Chapter deals with the the composition and modelling of P91 steel. It
will give an insight into the previous work carried out on the steel as well as
defining and explaining the techniques carried out as part of this project.
2.2 Characteristics of P91 steel
P91 has been used extensively in modern power plants and has generated interest
in both the design and research community due to its properties at high temper-
ature and its complex microstructure. This high chromium (9% composition)
steel was first developed in the early 1960’s in Europe, and later refined in the
1980’s. The final evolution of the steels composition can be seen in table 2.1,
where the P91 steel was standardised by ASTM/ASME in 1983, Haarmann et al.
(2002). The steel consists of various alloying components, including vanadium
and niobium, Ennis and Czyrska-Filemonowicz (2003).
Table 2.1: Composition of P91 steel (in mass %), Haarmann et al. (2002).
C Si Mn P S Cr Mo V Nb N Ni Al
min. 0.08 0.2 0.3 8 0.85 0.18 0.06 0.03
max. 0.12 0.5 0.6 0.02 0.01 9.5 1.05 0.25 0.1 0.07 0.4 0.04
P91 is a martensitic steel, with a complex microstructure. This microstructure
affords the material its characteristic properties at high temperature and make
the steel an excellent candidate for application in modern day power plants. The
microstructure is hierarchial in nature with grains embedded within each other.
The largest grain that can be identified in the microstructure of P91 is the prior
austenite grain (PAG). These prior austenite grains in 9Cr steels can vary in
size from 15 to 200 µm as per Fournier et al. (2009) and Samantaray et al.
(2011). This variation of grain size can be attributed to different heat treatments
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and service histories, Morito et al. (2006)(for lath martensite steel). Packets are
structures that form on the same habit plane within PAGB’s and can vary from
4 µm to 100 µm in size, Morito et al. (2006); Wang et al. (2007). Where the
habit plane is defined as the interface plane between austenite and martensite.
Packets generally contain several parallel blocks (1 µm to 14 µm in size) that
form within its boundaries. Blocks consist of a group of laths that have one or
two coupled variants of the orientation relationship with the parent austenite,
Villa et al. (2014). These blocks form a boundary for the smallest sub division
of the microstructure, the martensitic lath. These laths vary in size from 0.3 to
2 µm, Wang et al. (2007), and coarsen during the lifetime of the steel, reducing
the overall dislocation density, Czyrska-filemonowicz et al. (2006). A schamatic
of the microstructure of P91 steel can be seen in figure 2.1.
Figure 2.1: Hierarchical microstructure of 912Cr steels, with high angle bound-
aries (HAB) and low angle boundaries (LAB) highlighted. Barrett et al. (2014)
P91 steel has a high dislocation density which gives a very good resistance
to creep deformation. This is due in part to the presence of precipitates caused
by the addition of vanadium and niobium, Sanderson (1981) and the presence
of lath boundaries. However, the dislocation density decreases when the steel
is subjected to sustained high temperature applications, Ennis and Czyrska-
11
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Filemonowicz (2003). The steels resistance to creep damage is further improved
by the growth of carbides and precipitates introduced into the steel during its pro-
duction, Ennis and Czyrska-Filemonowicz (2003). The most common precipitates
present in the steel are the M23C6 and the MX-type. M23C6 type carbides occur
at grain boundaries while the much finer MX-type carbonitrides occur within
the microscopic laths present in martensitic steel, Hald and Korcakova (2003).
Precipitates can be observed in the scanning electron microscopy micrograph pre-
sented in figure 2.2. This micrograph shows the grain structure of P91 steel (a)
before testing and (b) after creep-fatigue testing at 500◦. The grain growth and
reduction in dislocation density can be noted through measurement of the mean
grain size and the precipitates. One mechanism proposed to explain this softening
effect is the annihilation of low angle boundaries (LAB), which in turn reduces
the dislocation density in the steel, Fournier et al. (2011).
Figure 2.2: Transmission electron microscopy image of P91 steel (a) before testing
and (b) after creep-fatigue testing at 500◦, Fournier et al. (2011)
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2.2.1 Identification of grain size
Grain size plays an important role in defining the strength of the material, with
an increase in grain size resulting in a decrease in material strength (Hall-Petch
effect). This effect has been identified in martensitic steels by Morito et al.
(2006) and Wang et al. (2007) and the identification of grain size remains an
important consideration. Grain boundaries can be located visually, using an SEM
approach. However identifying and classifying grain boundaries becomes more
difficult when a steel has a hierarchy of complex grains. Figure 2.3 highlights an
electron backscatter diffraction (EBSD) scan of the surface of P91 steel. Figure
2.3(a) highlights a contour plot of the crystallographic orientations recorded, with
a line of interest taken across several grain boundaries. Figure 2.3(b) shows the
accompanying graph of the distance vs. misorientation that is seen across the
line of interest, highlighting the large misorientatons (∼ 60 ◦) experienced at
block boundaries. This technique is similar to the mean line intercept (MLI)
measurement method outlined by Mingard et al. (2009), which uses the ISO
standard 4499, ISO 449-2:2008 (2008). Another technique to measure grain size is
outlined by Humphreys (2004), where EBSD is used to accurately measure grains
as small as 1 µm by using a grain reconstruction method that utilises an algorithm
to measure fine grain material. A graph of the distance vs. misorientation is
presented in Fig. 2.4(b), where the difference in misorientation across a grain
boundary can be identified. Using the mean line intercept method, Mingard
et al. (2009), a good indication of the grain size can be attained. This technique
gives an average of the materials grain size by analysing a large number of line
intercepts, identifying the grain boundaries on each line and finding an average
of the grain size.
2.2.2 Heat treatment of P91
In Morito et al. (2006) the influence the heat treatment regime has on the grain
size of a martensitic steel is highlighted. Prescribing the correct heat treatment
for a steel is a vital consideration when designing the material for a specific ap-
plication. The formation of martensite occurs from rapidly quenching carbon
steels and due to P91’s low carbon content (less than 0.1% mass), this procedure
13
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Figure 2.3: EBSD scan highlighting the misorientations between neighbouring
laths and blocks
creates a microstructure of lath martensite, Sandvik and Wayman (1983). When
the austenite is cooled quickly it does not have time to fully change from its
original face centre cubic (FCC) form to body centre cubic (BCC) and instead
takes the form of a highly strained body centre cubic configuration, Swindeman
et al. (2004). This process of inducing high strain deformations within the steels
structure leads to a large dislocation density, while increasing the steels strength.
Figure 2.5 shows a typical heat treatment procedure for P91 steel. Normalising
at 1040-1080◦ C provides dissolution of most carbides without significant grain
growth, while tempering at 750-780◦ C allows carbides to precipitate homoge-
neously within the martensitic structure, Haarmann et al. (2002).
Granular interactions are important to material deformation and are especially
relevant when discussing martensitic steels due to a hierarchical grain structure,
with the smallest grains (laths) being only 0.2 microns in width. Figure 2.5
shows a schematic of the heat treatment procedure for P91 where NT is the
normalizing temperature, Ms is the martensite start temperature and Mf is the
lower transformation temperature. After austenisation is compete the steel is
quickly quenched. A cooling rate of over 35◦ C/s is required for lath martensite
to form. During this quenching martensite begins to form atMs, and the austenite
present in the steel becomes unstable. As the temperature drops, the austenite
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Figure 2.4: EBSD scan of P91 and (b), frequency of misorientations from the
same EBSD scan, taken from Panait et al. (2010a)
continues to transform to martensite until Mf is reached, Haarmann et al. (2002).
2.2.3 Ageing of P91
As the steel ages the dislocation density of the steel reduces, with lath coarsening
over time. Extensive research has been undertaken to quantify the features of
ageing. The change in microstructure can be large, as described by Panait et al.
(2010a), and an example of both grain growth and precipitate growth can be seen
in figure 2.6. Panait et al. (2010b) also reported that there was a reduction in
dislocation density from 4.5× 1014 m−2 to 2× 1014 m−2 due to ageing.
15
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Figure 2.5: Typical heat treatment for P91. Haarmann et al. (2002)
2.3 Material modelling
2.3.1 Macroscale modelling
The deformation of a component is subject to many variables, including mate-
rial composition, component geometry, environmental conditions as well as the
applied loading conditions. This section will describe the most prevalent forms
of deformation and outline the response at the macroscale level.
2.3.1.1 Elastic deformation
Elasticity is present in most metallic materials and occurs when an external load
is applied to the material that does not permanently deform the material. When
this load is removed the material will return to its original dimensions. A linear
stress-strain relationship in the materials mechanical response is indication of the
presence of elasticity. The proportionality constant E is the Youngs modulus,
referred to as the elastic modulus. The Youngs modulus is calculated using stress
16
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Figure 2.6: SEM micrographs of (a) as received P91 steel and (b) after high
temperature creep loading at 600 ◦C, after Panait et al. (2010b)
and strain components from the elastic region, using Hooke’s law;
E = σ/ε (2.1)
The range of linear elasticity is usually quite limited, with the strains only in the
order of several tenths of a percent.
2.3.1.2 Plastic deformation
Uniaxial tensile loading is the most common way to examine the response of a
material being deformed. A schematic of the stress-strain response for a typical
metallic material can be seen in fig 2.7. σy is the yield stress and σu is the ultimate
tensile strength of the material.
The change in material response from linear to non-linear (plastic) deforma-
tion is sometime difficult to measure accurately. The level of stress where plastic
deformation begins to occur is obtained by drawing a line parallel to the linear
portion of materials stress-strain response at a 0.2 % offset on the strain axis.
After yielding has occurred the stress required to continue plastic flow increases
17
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Figure 2.7: Schematic of the uniaxial tensile response (engineering stress-strain)
of a typical metallic material
with plastic strain if the material experiences strain hardening. This can be seen
in Fig. 2.7 where the positive slope of the material response indicates that the
material strain gardens due to plastic deformation.
2.3.1.3 Creep
Creep is the time-dependent, permanent deformation of a material loaded under
a constant stress for an extended period of time. Creep is of particular concern
when the material is operating at high temperatures, typically above 0.4Tm, where
Tm is the absolute melting temperature of the material. Failure of a component
through creep is determined when sufficient deformation to cause fracture occurs.
Three distinct deformation regions are present during creep deformation. Af-
ter the initial elastic strain, ε0, the following stages occur, a decelerating creep
18
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region known as primary creep, followed be a steady state creep region also known
as secondary creep. The final stage is an accelerating creep region also called ter-
tiary creep. A schematic of the response can be seen in figure 2.8.
Figure 2.8: Schematic of the uniaxial creep behaviour showing (I) primary creep,
(II) steady-state creep and (III) tertiary creep
2.3.2 Microscale modelling
2.3.2.1 Elastic deformation
The inherent anisotropy of structural materials such as steels is due to the vari-
ation of orientation found in their individual grains. However, the initial macro-
scopic response for polycrystalline materials can be considered to be isotropic due
to the fact that the deformation occurs over a significant amount of grains within
the material with random orientations.
The linear anisotropic elastic relation may be described through the elastic
stiffness tensor, C or the compliance tensor, S. For a generalized case, Hooke’s
Law (2.1 can be written as;
σij = Cijklεkl (2.2)
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εij = Sijklσkl (2.3)
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In this form there are 36 independent stiffness constants used to fully describe
the anisotropic elastic behaviour in the material. The number of constants can
be reduced further by considering symmetry. Of the 36 constants, there are 6
constants where i = j, leaving 30 constants where i 6= j. Furthermore, only half
of these 30 constants are independent since Cij = Cji, leaving only 21 (15+6)
independent elastic constants. Due to the symmetry condition present in cubic
structures the number of independent elastic constants can further be reduced to
3 (C11, C12 and C44) corresponding to;
C11 C12 C12 0 0 0
− C11 C12 0 0 0
− − C11 0 0 0
− − − C44 0 0
− − − − C44 0
− − − − − C44

These three independent components can only be obtained when the elastic mod-
uli are expressed with respect to the cubic lattice orientations. The deviation from






Table 2.2 highlights the Zener ratio of some common metallic materials, with iron
having a relatively high ratio of 2.41 when compared to a common alloying metal
molybdenum ratio of 1.264.
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Table 2.2: Zener ratio for steel alloying materials
Material C11 C12 C44 Zener Ratio
Iron 23.70 14.10 11.60 2.41
Molybdenum 39.60 17.60 11.00 1.26
Aluminium 10.82 6.13 2.85 1.21
Tungsten 50.10 19.80 15.14 1
2.3.2.2 Plastic deformation
This section deals with the initiation and the continuation of plastic flow in
crystalline materials. The resolved shear stress, is the driving force behind plastic
flow initiation in single crystals. The critical resolved stress, at which plastic flow
initiates, is dependant on several variables, including the strain rate being used
in the loading and the temperature. Crystalline slip occurs on particular slip
planes, depending on the crystal structure. The slip planes are usually the planes
with with highest atomic packing density. In figure 2.9 the interaction of one
plane with another during slip can be seen. The movement of one plane of atoms
over another can be considered to be continuous when slip occurs. For this slip
to begin, a critical value of the resolved shear stress need to be exceeded. If this
value is not exceeded then the atoms will only be displaced, resulting in elastic
deformation.
Figure 2.9: Schematic of 2 planes of atoms, with the slip plane and slip direction
highlighted
The role of dislocations in material deformation is well known. Defects oc-
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cur in lattice structures, with atoms missing from lattice planes. After a force is
placed on the material this defect, or dislocation, moves through the lattice struc-
ture as seen in figure 2.10. The force required to move a dislocation through a
material is significantly less than the force required to cause slip in the structure.
This is attributed to the fact that only a line of bonds need to be broken to move
each dislocation, while an entire plane of bonds needs to be broken and reformed
to produce slip in the same material. It is this ease of movement that give metals
their ductility. Dislocation movement is hindered by grain boundaries, with fine
grained steels generally stiffer and stronger than coarser grained materials due to
higher density of grain structure.
Figure 2.10: Schematic of the movement of an edge dislocation in a lattice struc-
ture where (a) shows the initial position of the dislocation under shear stress and
(b) shows the movement of the dislocation across the lattice
2.3.3 Crystal plasticity model
This section discusses the crystallographic constitutive law used in the modelling
of P91 steel in this work. Using single crystal material models requires a formu-
lation that combines temperature dependence as well as directional dependence
22
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rate. There has been a leap forward in constitutive formulations in recent years
and this section will outline the development process of some of these.
Visco-plastic constitutive formulations based on crystalloghraphic slip has
been a commonly used technique in previous research, Asaro and Needleman
(1984); Busso (1990); Busso and McClintock (1996); Douglas (1999). This work
revolves around resolving the macroscopic stress response onto each slip system
by using Schmid’s law. This is achieved by relating the orientation of the slip
system to the relative direction of the macroscopic principal stress. The magni-
tude of the resolved shear stress is then investigated to establish if the slip system
becomes active, and therefore creates slip.
Asaro and Rice (1977) used a constitutive law based on crystallographic slip
in a single crystal material. They incorporated the possibilities of deviations from
the Schmid rule when dealing with the critical resolved shear stress as well as the
addition of cross-slip which provided a further means of influencing the plastic
response. This initial work was further advanced in Asaro and Needleman (1984)
where the work centred around polycrystals that deformed by crystallographic
slip. The model was developed to predict texture as well as strain hardening
behaviour.
A flow rule, seen in equation 2.5, is utilised by Busso (1990) with an exponen-
tial function of stress. This is known to account for the strain rate sensitivity of
the material, when compared to works such as Douglas (1999). The flow rule also
takes into account the evolution of dislocation density within the material, with
the slip resistance being proportional to the square root of the dislocation density.
Experimental data was used to validate the flow rule in Busso and McClintock
(1996) and further, at different length scales through Cheong and Busso (2004)
and Cheong and Busso (2006).











The use of a hyperbolic sine unified cyclic viscoplasticity model has been de-
veloped by Barrett et al. (2014) to capture the response of P91 steel at high
temperature. This flow rule is a variation of the Chaboche unified power law
23
2. LITERATURE REVIEW
model based on the identification of strain-rate independent material parame-
ters. This approach is used to investigate the effect of hardening and fatigue in
P91 steel.
More recently, Li and O’Dowd (2011) have used EBSD to model an explicit
representation of the material microstructure for initially an austenitic stainless
steel (316H) and later a tempered martensite ferritic steel (P91), Li et al. (2014b).
These works utilised a flow rule similar to the work of Busso and McClintock
(1996).
In this work a flow rule, first proposed by Busso (1990) and Busso and Mc-
Clintock (1996), captures the shear strain rate dependence on the resolved shear
stress and temperature of the system.
The inelastic shear strain rate, γ̇α, is given by a power function of its resolved
shear stress τα ;











where T is the absolute temperature, k is the Boltzmann constant, F is the
total free energy required to overcome lattice resistance, and p, q and γ̇0 are
the exponents and pre-exponential constants; τ0 is the critical shear stress. The
brackets, <>, indicate that < x > ≡ x for x > 0 and < x > ≡ 0 for x ≤ 0. The










where hαβ is the hardening matrix, S0 is the initial value of the slip resistance
and the saturated slip resistance is Ssat.
hαβ = hs
[
ω + (1− ω) δαβ
]
(2.8)
where hs is a constant, δ
αβ is the Kronecker delta and Ssat the saturated slip
resistance with initial value S0. In this work w = 1, corresponding to Taylor
hardening, which indicates all slip systems interact equally.
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For multiple slip systems, the shear strain rate can be resolved and combined






γ̇α(mα ⊗ nα + nα ⊗mα) (2.9)
Where mα and nα are the slip direction and the normal direction to the slip plane
of the slip system α.
2.3.4 Microstructural modelling
Quantifying the influence of microstructural features on the constitutive response
of tempered ferrite martensite is also crucial to the understanding of the perfor-
mance of these materials, and to the accuracy of structural integrity assessment.
The current work focuses on a particular steel, P91 (containing 9% Cr, 1% Mo
and the balance primarily Fe, Fournier et al. (2009)). Tempered martensite fer-
ritic steels (termed TMFSs by Dronhofer et al. (2003)) have a body-center-cubic
(BCC) structure with a complex microstructure, exhibiting a hierarchial arrange-
ment of grains and sub-grains, Panait et al. (2010a); Rahnama and Qin (2015).
The largest of these sub-structures is called a ‘packet’ which can range in size
from 15 to 500 microns. Within these packets, ‘blocks’ (grains) can be identified,
usually between 2 and 10 µm in size. In turn, ‘blocks’ are composed of subgrains
called ‘laths’, which can range from 0.2 and 1 µm in width, Aghajani et al. (2009);
Czyrska-filemonowicz et al. (2006); Hald and Korcakova (2003); Kipelova et al.
(2011); Maruyama et al. (2001); Panait et al. (2010a); Rojas et al. (2011); Sawada
et al. (2011); Srinivas Prasad et al. (2012). Another important microstructural
feature is the presence of precipitates, which form primarily at lath boundaries
but also within laths, Czyrska-filemonowicz et al. (2006); Rojas et al. (2011);
Sawada et al. (2003); Shibli and Starr (2007); Shibli and Le Mat Hamata (2001).
These precipitates contribute to the superior performance of P91 at high temper-
ature by inhibiting dislocation movement during material deformation, Kitahara
et al. (2006). The boundaries between lath, block, and packet can be identified by
studying the misorientation of neighbouring grains. The misorientaton between
neighbouring blocks is typically 60◦, while between laths the misorientation is
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typically 2◦, Panait et al. (2010a). Figure 2.11 shows a typical P91 microstruc-
ture, from an SEM image, with the black outline showing an example of a block
boundary.
In recent years significant progress has been made in the development and
application of mechanistic, physically-based material models for engineering al-
loys, e.g. crystal plasticity has been used extensively, Dunne et al. (2012, 2007);
Erinosho et al. (2013); Zhang et al. (2014); Zhao (2011), to model deformation
mechanisms in polycrystalline materials (HCP Ti, FCC Ni and BCC steel). Crys-
tal plasticity-based simulations for metals have provided deep insight into inelastic
deformation mechanisms, particularly when these models are combined with ex-
perimental characterisation at multiple length scales, Cheong and Busso (2004,
2006). There have been advances in characterisation at the microscale, e.g. in
Chen et al. (2014) micropillars, consisting of a single block of a martensitic steel,
have been tested under compression and measured beam deflection compared to
modelling predictions. Electron back scatter diffraction (EBSD) has been used
to investigate microscale deformation in a wide range of materials, eg Beladi and
Rohrer (2013); Endo et al. (2014); Mohseni et al. (2013); Rowenhorst et al. (2006)
and in Dunne et al. (2012, 2007); Zhang et al. (2014) was used to validate com-
putational predictions of deformation and rotation in a number of polycrystalline
steels. In Hasebe et al. (2014); Kamaya et al. (2005); Kartal et al. (2012); Ojima
et al. (2011), changes in grain orientation for a coarse grained (100 µm) stain-
less steel were examined, using the Wilkinson technique, Wilkinson et al. (2006),
which involves measuring the changes in the Kikuchi pattern to determine the
change in orientation in the material; the concept of crystal deformation was also
introduced in Kamaya et al. (2005) to quantify average changes in grain orien-
tation during deformation. In Kartal et al. (2012) EBSD, in conjunction with
numerical modelling and the eigenstrain technique has been used to determine
the magnitude of the residual stress in large carbide particles (10 µm) in a nickel
superalloy (MAR-M-200).
While significant progress has been made in computational and experimental
characterisation of polycrystalline materials at the microscale, there have been
few attempts to represent the hierarchical microstructure of martensitic steels in
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Figure 2.11: SEM micrograph of the surface of P91, black outline represents a
typical block.
computational models. In Shanthraj and Zikry (2013) a physically-based micro-
mechanical model was used to analyse a martensitic steel, with grain boundary
interactions and the evolution of dislocation density examined numerically using
a ‘constructed microstructure’. In Li et al. (2014b) a microstructurally based
material model was used to predict the lattice (elastic) stress/strain response of
a martensitic steel with the results validated by in-situ neutron diffraction mea-
surements. The model was also used in Li et al. (2014a) to investigate lath size
effects in a martensitic steel (P91). The current paper, builds on our earlier work.
As in previous work a finite-element (FE) approach is used, with an explicit rep-
resentation of the material microstructure, focusing at the block level. In Li et al.
(2014a,b); Li and O’Dowd (2011); Li et al. (2011), uniaxial loading of P91 was
considered, with validation through neutron diffraction measurements in Li et al.
(2014b). In this work, a complex multiaxial loading condition (notched three
point bend) with validation carried out both at the macroscale is considered,
through overall specimen deformation and notch opening, and at the microscale
thourgh EBSD measurements. Such an approach, using direct comparison of
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grain orientation change due to mechanical loading between experimental and
modelling results has not previously been investigated for a martensitic steel.
Significant work has been done using the change in orientation techniques pre-
sented in this chapter, Dunne et al. (2012, 2007), but to our knowledge, none
has directly compared the experimental results to representative modelling pre-
dictions. Furthermore, while microstructural evolution of high chromium power
plant steel during service has been examined in Kipelova et al. (2011); Panait
et al. (2010a), the use of an ex-service martensitic P91 (over 20,000 hours of
service) makes this work of particular interest, for example to cases of pipeline
repair in fossil fuel power plants.
2.4 Diffraction techniques
2.4.1 Electron backscatter diffraction
Electron backscatter diffraction (EBSD) is an essential tool in characterising the
crystallographic orientation of a material. It provides a way to investigate and
quantify the orientations and misorientations present in complex alloy steels.
EBSD is carried out with the use of a scanning electron microscope (SEM). A
standard EBSD setup includes a phosphor screen, a staging area, an electron
beam source and data processing and analysis software. Figure 2.12 shows a
schematic of an EBSD test, with the electron beam, sample and phosphor screen
highlighted. It can be seen in figure 2.12 that the sample is tilted at 70 degrees
to provide the diffraction angle necessary to collect and recorded the orientation
information.
Kikuchi patterns are the raw output from EBSD analysis with inverse pole
plots and texture analysis being derived directly from the analysis of these pat-
terns. A Kikuchi pattern consists of a set of different Kikuchi lines that form
bands, that in turn correspond to specific crystallographic planes. These Kikuchi
patterns contain the angular relationships present in the crystal and therefore the




Figure 2.12: Schematic of the experimental set up of the scanning electron mi-
croscope during EBSD measurements
The Kikuchi patterns are formed when the electron beam is inelastically scat-
tered by an atom on the surface of the sample. Some of these scattered waves are
at the correct Bragg angle to interact with the lattice planes, and for each plane
of atoms there exists a pair of parallel lines. Electron diffraction can only come
about when Bragg’s law is satisfied;
nλ = 2dhklSinθ (2.10)
where d is the inter-planar spacing between planes, θ is the specific angle at which
the diffraction occurs, n is the order of reflection and λ is the electron beam
wavelength, in this case 11−11m. After the Kukuchi pattern data are collected
it is compared to a database of known Kukuchi patterns to identify the crystal
structure and orientation.
The software is capable of finding the corresponding lattice information in
the database. However, when the intensity of the Kukitchi pattern is low, then
the user can manually select the Kukuchi bands and the software indexes the se-
lected bands to find a solution (i.e. gain a positive match on a material database).
Reduced quality Kukuchi patterns can be the result of several different factors,
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Figure 2.13: Typical Kukichi pattern of a martensitic steel
including incorrect polishing techniques as well as damage sustained to the mi-
crostructure after loading. Another factor that may influence the quality of
Kukuchi pattern is the position of the electron beam, for example the beam
may be at a grain boundary which may result in two unique crystal orientations
being detected.
2.4.1.1 Pole Figures
Pole figures are a useful way of representing the orientation of the measured
crystal. Pole figures are formed by plotting a 3 dimensional vector as a point on
a unit reference sphere. Any plane within this sphere has a pole, calculated by
finding the point of intersection on the planes normal to the sphere. Therefore, the
distribution of poles on a pole figure is actually a description of the orientations
of the planes present. The pole positions can be fully described by two angles;
α and β. α describes the azimuth of the pole; when α is equal to 0◦, the point
being described is at the north pole; β is the angle of rotation around the polar
axis, with β = 0◦ chosen from a reference direction. Figure 2.14 shows a crystal
embedded within a reference sphere, it highlights the possible orientations from
the crystal and the corresponding pole points.
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Figure 2.14: Stereographical projection of a reference sphere with an embedded
crystal highlighting corresponding pole points (McGraw-Hill 2015)
The coordinate system of the sample plays an important role in characterising
the pole figure. The normal direction (ND) in the sample coordinate system is
usually taken to be the north pole of the reference sphere in which α = 0 and the
rolling direction (RD) of the sample coordinate system is chosen as the reference
point in which β = 0. The pole figures can be visualised in a 2-dimensional field
by showing the poles on a single plane; the equator plane is commonly chosen
for this task. An example of a pole figure, visualised in 2 dimensions with the
equator plane can be seen in figure 2.15, where (a) is the stereographic projection
of a reference sphere, and (b) is a typical inverse pole plot of a martensitic steel
on the equator plane.
Inverse pole figures are another useful method of visualising crystallographic
orientation. This method is used for specimens have have a cubic structure and
differs from the pole figures be the way the sphere is characterised. The [100], [010]
and [001] directions are lined up parallel to the transverse direction (TD, rolling
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Figure 2.15: (a) is the stereographic projection of a reference sphere, and (b) is
a typical pole plot of a martensitic steel on the equator plane
direction (RD) and normal direction (ND) respectively. It can be seen in figure
2.15(a) that the reference sphere can be divided into 24 curvilinear triangles, each
of which has <100>, <110> and <111> directions at its corners. Due to the
symmetry in the cubic crystal, these triangles are identical, and therefore only
one triangle is required to capture the pole information. The standard triangle
is the most commonly used triangle to visualise the orientation information in
cubic crystals, and can be identified by the shaded section in figure 2.15(a).
2.4.1.2 Orientation Representation using Euler Angles
Another common way of visualising the orientations of crystal lattices is through
the use of Euler angles. The Euler angles are generated based on the sample
orientation when the EBSD scan is undertaken. The concept of transforming
the specimen coordinate system into the crystal coordinate system is achieved by
rotating the orientation around three specific planes;
1. φ rotating about the Z
2. θ rotating about X in its new position
3. ψ rotating about X in its new position
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These planes are visualised in figure 2.16 and highlight the rotations required
to describe the relationship between the crystal orientation and the reference
orientation. The Euler angles can be converted to matrix form by using the
rotation matrix R. This rotation matrix is used when the spherical coordinates
are required for pole plotting, and are not generally outputted by orientation
imaging software. The rotation matrix expresses the crystal direction in term
of the reference coordinate system, which is usually identical to the specimen
reference system. The full rotation can be given by:
Figure 2.16: The relationship between the crystal orientation and the reference
orientation and the rotations required to visualise the Euler angles
F =
 R11 R12 R13R21 R22 R23
R13 R32 R33

with the Euler angle relationship given by;
R11= cos θ cosψ − sinφ sin θ sinψ
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R12= cos θ sinψ + sinφ sin θ cosψ
R13= sin θ sinφ
R21= cos θ sinψ + sinφ sin θ cosψ
R22= cos θ sinψ + sinφ sin θ cosψ
R23= sin θ sinφ
R31= sin θ sinφ
R32= sin θ sinφ
R33= sin θ
2.4.2 Neutron diffraction
Neutron diffraction is a well established characterisation technique used to inves-
tigate the structure of solids. The use of neutrons in crystallographic analysis has
some advantages associated with it, a neutron diffraction has zero charge and no
coulomb interaction with atoms in a solid, this allows the neutron to penetrate
deep into the material, allowing the study of bulk properties. When compared
with electrons, which have a penetration depth of approximately 2.5µm, Prior
et al. (1999), the penetration depth of neutrons is in the region of centimetres,
Pynn (1990), making it more useful at investigating bulk properties of materials.
In neutron diffraction experiments the intensity of the neutron scattering by
the material is measured as a function of the reactions resulting energy. This is
achieved by using the relationship between the beam wavelength, λ, the lattice
plane hkl spacing in a crystalline material dhkl, and the angle of diffraction peak,
θ. This relationship, Hutchings et al. (2005), as highlighted in equation 2.11, is
written as;
nλ = 2dhklsin θ (2.11)
where λ is the wavelength, n is the integer, dhkl is the interatomic spacing of the
planes and θ is half the scattering angle. A pulsed, white neutron source is used
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for Time of Flight (TOF) neutron scattering, where the neutrons are detected at
a constant scattering angle (2θ) and their time of flight between the moderator
and detector is measured. Because the scattering angle is kept constant and n is
1, Eq. 2.11 can be rewritten as;
∆λ = 2sin θ∆hkl (2.12)
A typical neutron intensity plot is shown in figure 2.17, where each peak repre-
sents neutrons that have been scattered from a particular set of atomic planes in
the crystalline lattice. 2.17(a) shows the response of a mild steel, with the neu-
tron peaks clearly present. 2.17(b) shows the shift in lattice plane spacing after
deformation has occurred. This change is recorded and converted to an elastic
strain.
When a beam of neutrons is directed at the sample and the neutrons scattered
are recorded as a function of the angle 2θ, each Bragg peak corresponds to a
diffraction from an atomic plane with a different interplanar spacing, Fitzpatrick
and Lodini (2003). Using this information, the lattice strain can be calculated by
comparing the initial interplanar spacings with those during and after loading.
Changes in the Bragg angles (2θhkl) can be measured to calculate the elastic
lattice strain for a specific plane. For example, on the {311} plane, the shift in





where ∆θhkl is the change in Bragg angle and ∆d is the lattice spacing respectively.
The values of θ0hkl and d
0
hkl are taken from the undeformed sample. The elastic









The lattice plane spacing measurements can in turn be used, in conjunction with
the materials elastic constants, to calculate the residual stress present in the
material, O’Dowd et al. (2008).
Neutron diffraction has been widely used to determine residual stress in welded
steel structures, Fitzpatrick and Lodini (2003), as it provides a non-destructive
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Figure 2.17: (a) A typical diffraction pattern of a mild steel, giving intensity, or
number of neutrons, plotted against the scattering angles 2θ. and (b) a zoomed
in image of (a), showing the changes in response after deformation, Oliver et al.
(2004b)
means of investigating welded components. The lattice (elastic) strain in the
structure containing residual stress is measured and the macroscopic residual
stress determined directly via Hookes law, Fitzpatrick and Lodini (2003). The
results have been incorporated into industry standards and are widely used in
failure assessments particularly in the power generation industry, Wiesner et al.
(2001).
Neutron diffraction is also a useful tool in material characterisation. It has
been employed by Oliver et al. (2003) to study the stress induced martensitic
transformation of Fe-Pd alloys, wherein the technique is used in-situ during ten-
sile testing. These tests are carried out at a range of temperatures and highlight
the preferential oriented austenite grains during their martensitic transformation,
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with the results compared directly with elasticity based theory. The research
conducted in Oliver et al. (2003, 2004b) highlighted the considerable difference
between macroscopic and microscopic measurements for elastic stiffness relative
to temperature and phase transformation. Sheldrick (2015) used neutron diffrac-
tion to investigate the crystal structure refinement of a wide range of materials.
This information was used in validating and archiving crystal structures and when
fully characterised, the material information was added to SHELXL, a database
of material data.
Another application of neutron diffraction is the work undertaken by Day-
mond and Bonner (2003), where the evolution of lattice strains within a titanium
alloy is examined in relation to the elastic and plastic anisotrophy of the ma-
terial. This work showed excellent agreement between the neutron diffraction
results and the the self-consistent model used in the work. This work is further
advanced in Francis et al. (2014) where the effect of precipitate size is investigated
in relation to the deformation behaviour of nickel based superalloys. This work
includes in-situ neutron diffraction testing at high temperature and the analysis
of the microstructure after testing using a scanning transmission electron micro-
scope (STEM). Francis et al. (2014) used the neutron diffraction data to validate
the elasto-plastic self-consistent (EPSC) model and found that there was good
agreement in the prediction of deformation modes in the fine microstructure.
In Bolon et al. (2015) neutron diffraction was used as a validation technique
to investigate the accuracy of Raman spectroscopy in zirconia under a compres-
sive load (250 MPa). The measurement of coercive stress was undertaken in
both techniques and a good agreement is found between the Raman and neutron
diffraction tests. The Raman analysis consisted of an analysis of a single grain
near the surface of the material, but compared well with the bulk measurements
gathered from the neutron diffraction technique.
2.5 Summary
The literature review chapter summarises the important modelling techniques,
testing procedures and numerical methodologies relevant to the characterisation
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of a tempered martensitic ferritic steel for high temperature application in power
plants. The review of the work in literature can be summarised as:
• Characterisation of the composition and microstructure of P91 steel
• Development of material models for macroscale and mesoscale analysis
• Characterisation of constitutive material models
• Development of flow rule model, with deformation based on crystallographic
slip through material slip systems
• Outline of experimental analysis techniques used to capture the microscale






This chapter describes the experimental work that was used to characterise the
response of ex-service P91 steel. The results presented in this chapter are derived
from equipment based in University of Limerick. During the experimentation
planning phase, consultation with project partners at the National University
of Ireland, Galway, allowed for a test plan to be devised. This testing plan
allowed for a direct comparison of results with those from NUI Galway providing
validation of the University of Limerick’s experimental techniques.
3.2 Material service history
This project used several different sources of ex-service P91 steel. There were
two active power plants that provided the specimens that were used in the ex-
perimental procedure. Lough Ree power plant, located in Co. Offaly, Ireland,
is a peat-fired power plant, capable of generating 100 MWe of power. The steel
extracted was taken from a P91 header that was removed after 25,000 hours of
service. The range of thermal cycling that the steel was subjected to was between
100◦C and 585◦C. Figure 3.1(a) shows the Lough Ree plant while figure 3.1(b)
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highlights a P91 header within the Lough Ree power plant. A typical cold start-
up temperature profile, determined using plant monitoring data, for Lough Ree
power plant can be seen in figure 3.2.
Figure 3.1: (a) The Lough Ree peat-fired power plant, and (b) the P91 header
in Lough Ree power station
Coolkeeragh power plant is located in Co. Derry, Northern Ireland, and is a
combined-cycle gas turbine plant. The P91 steel taken from this power plant, was
part of an attemperator and experienced a service history of in excess of 20,000
hours, cycling between 100◦C and 450◦C.
3.3 Specimen design
This section highlights the different types of specimen produced for the experi-
mental testing. It will also show the techniques used to manufacture the speci-
mens as well as the origin of the material used.
3.3.1 Tensile specimens
The tensile testing set-up used in this experiment consisted of an enclosed fur-
nace, coupled with a Tinius Olsen tensile testing rig. The schematic for the high
temperature tensile test (HTTT) specimens can be seen in figure 3.3, with the
overall length of the specimen being 72 mm, the gauge length being 25 mm and
the gauge diameter being 4 mm. The specimen is held in place by M5 threads as
suggested by the ASTM E21 standards. The ratio is ratio of 1:6.25 is higher that
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Figure 3.2: Cold start-up and cool-down profile for Lough Ree power plant, Scully
(2011)
the 1:4 specified in ASTM E8. However the testing results are consistent with
other tests that have been carried out on specimens with a 1:4 ratio.
The specimens were extracted from a P91 header pipe in the axial direction.
Cylindrical rods were first removed from the steel block, using wire electrical dis-
charge machining (EDM), illustrated in figure 3.4. EDM proved the most efficient
way of extracting the specimens from the P91 block, and significantly reduced
the wasted P91 material. These rods were then machined to the specifications
seen in figure 3.3.
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Figure 3.3: Schematic of the specimen used in high temperature tensile testing
Figure 3.4: Example of wire EDM, where P91 rods were removed from a piece of
header in the axial direction
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3.3.2 Cross weld specimens
Cross weld specimens and weld specimens were also created to test in the high
temperature tensile rig. These specimens were extracted from a prefabricated
welded joint, similar to the samples in Farragher (2014). This welded joint con-
sisted of the header pipe from Lough Ree power plant as well as an additional
welded section, to simulate a weld repair, as seen in figure 3.5. This weld was
fabricated by cutting the header in two, and machining a chamfered and a square
edge. A P91 backing plate was used to ensure the deposit of weld material be-
tween the two machined edges had a solid foundation. The weld was generated
by manual metal arc welding, there a P91 filler electrode coated in a protective
flux is deposited circumferentially along the backing plate. Once one run was
completed the slag was removed by an abrasive grinding disc. This process is
repeated until the gap is completely filled. Post weld treatment was carried out
to relieve the residual stress within the component. This consisted of applying
heating blankets to the internal and external surfaces of the pipe and heating
to 790 ◦C for 80 minutes and then cooled at a rate of 50 ◦C/hour. The speci-
men dimensions were identical to that seen in figure 3.3 and the composition and
position of the weld is illustrated in figure 3.6.
Figure 3.5: Manufactured P91 weld from the Lough Ree powerplant, used to
simulate a weld repair in a typical header component. The rusted surface indicates
the additional parent P91 added by the welding process.
The cross weld specimens were designed with the heat affected zone (HAZ) at
the centre of the gauge length. The total width of the HAZ (between the weld and
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parents material) is close to 3 mm, as given by Shankar et al. (2011). In practice,
the HAZ for the component is somewhat irregular, which can be attributed to
the nature of the multi-pass welding operation. This design allows the HAZ to
be perpendicular to the axial direction of the specimen. Specimens comprised
of only weld material were also created. Both of these specimens can be seen in
figure 3.6, where the weld and HAZ are highlighted with respect to the specimen
orientation.
Figure 3.6: The schematics of both the cross weld and weld tensile specimens,
showing the position of the weld is each case
3.3.3 Compact tension specimens
The material used for the compact tension (CT) specimens was extracted from
a power plant currently in operation (Coolkeeragh power station, Ireland) with
the piping section in question having experienced approximately 25,000 hours of
service before removal. The piping section was directly adjacent to the systems
attemperator and had not experienced any failure, with the pipe removed as
part of a redesign of the system. Figure 3.7 shows the thermal readings for a
cold, warm and hot start-up for the section of pipe used in this work, as received




Figure 3.7: Cold, warm and hot start up profiles from Coolkeeragh power station,
Scully (2011)
Specimens were extracted from the section and produced to the specifications
seen in figure 3.9. Once this was completed, a thin notch was cut into the root
opening of the CT specimen using a 0.7 micron diamond tip circular blade. This
notch was 8 mm in depth, and provided a point of reference when microscopy
was being undertaken. A means of securing the high temperature extensometer
needed to be incorporated into the CT specimen to measure the displacement
during testing. This was achieved by cutting thin notches, which can be seen in
the schematic, into the front-facing surface of the specimen so the extensometer
had a secure tethering point. A schematic of the Coolkeeragh pipe and the
orientation of the CT specimen that was extracted can be seen in Fig. 3.8.
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Figure 3.8: Schematic of the compact tension specimen
3.3.4 Micro bend specimen
Micro bend specimens were manufactured from the material extracted from the
Lough Ree power plant. These samples were very thin (2 mm) and had a deep
notch cut at the centre to produce an area of stress concentration and also create
a point of reference to investigate with microscopy before and after testing. The
specimens were created by cutting and grinding down the P91 block to size. The
notch (3 mm) was introduced using a 0.7 micron diamond tip circular blade. The
specimen schematic can be seen in figure 3.10.
3.3.5 Neutron diffraction specimens
The neutron diffraction (ND) specimens were machined from Lough Ree power
plant P91 steel. The specifications for these specimen were defined by the neutron
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Figure 3.9: Schematic of the compact tension specimen
Figure 3.10: Schematic of the micro bend specimen, specimen thickness = 2mm
diffraction facilities and required a fine surface finish, to improve the quality of
the extensometery readings. The schematic for the ND specimens can be seen in
figure 3.11.
3.4 Specimen Preparation for Microscopy
The correct preparation of a material for microscopy is vital in order to achieve the
best results. Etching the surface of a steel provides excellent results when viewed
under a scanning electron microscope (SEM). Grain boundaries can be identified
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Figure 3.11: Schematic of the specimen used in neutron diffraction testing
as well as precipitates and other features of the microstructure. Choosing the
correct etchant for the steel is important as certain corrosive etchants will give
definition to different phases within the steels microstructure. The etchant used
for the martensitic steel to be tested within this project is a mixture of 45 ml of
glycerol, 15 ml of nitric acid and 30 ml of hydrochloric acid.
Figure 3.12: Optical microscope images showing the surface of the steched steel
after (a) 45 and (b) 90 seconds of immersion in the etchant
Etching time was another variable to be considered when material preparation
was being investigated. Identifying the correct amount of time to leave the steel
in the corrosive etchant was important in achieving the correct surface finish.
The etching times considered were 15, 45, 90, and 120 seconds. The results,
taken through an optical microscope, can be seen in figure 3.12. It is clear that
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both the 15 and 45 second exposure to the etchant did not highlight the grain
structure of P91 very well. The 90 second etch proved to be the most effective
etchant time, with grain structure clearly highlighted, while avoiding significant
surface damage of the steel. The 120 second etch showed excessive damage to
the steels surface, with pitting occurring, this impeded good quality micrographs
from being obtained.
Applying the correct polishing techniques to the surface of the steel is also
an important step in achieving the best possible micrographs. Polishing discs
of increasing grade are used to remove surface damage from the specimen. This
procedure is completed using a Buehler Phoenix 4000 variable speed polisher
and with the use of water as a means of coolant and waste removal. The final
stage of disc polishing is applying a fine diamond suspension solution (consisting
of 1 micro particles) to a cloth disc and continuing the process of polishing the
specimen. The Buehler Phoenix 4000 can be seen in figure 3.13(a). To achieve the
best possible finish a Buehler VibroMet 2 rig is used. This machine consists of a
horizontal plate that is submerged in a super fine diamond suspension (consisting
of 0.05 micon particles) and the subjected to 7200 cycles per minute horizontal
motion which produces the best possible finish for EBSD and SEM analysis. The
Buehler VibroMet 2 can be seen in figure 3.13b
Figure 3.13: Equipment used to polish the specimen for SEM analysis (a) the
Buehler Phoenix 4000 (b) the Buehler VibroMet 2
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3.5 Testing methodology
This section looks at the testing techniques employed in this work and outlines
the procedure of the testing.
3.5.1 EBSD analysis
EBSD scans were taken of the CT and micro bend specimens before and after
loading. The capability to test in situ was not available due to space limitations
within the Hitachi SEM. The sample had to undergo an initial EBSD scan and
then be removed from the SEM to be mechanically tested and finally undergo
a second EBSD scan about the area of interest at the notch root. After the
preparation of the sample was complete, an initial EBSD scan was taken of the
surface of the material. During the initial scan the electron beam interacts with
the surface of the material, leaving a carbon build up on the surface. This leaves
a imprint on the surface, indicating the site of the original scan. An example of
this carbon build up can be seen in figure 3.14, where the sample has been tested
after the initial EBSD scan and the shadow on the samples surface can be seen,
along with the notch root. This shadow is a useful tool in the set up of the second
scan as it highlights the area that needs to be assessed and also highlights the
deformation experienced after the initial scan was taken. It can also be noted
from figure 3.14 that the deformation is not symmetric about the notch root.
3.5.2 Uniaxial testing
Uniaxial tensile testing was carried out at a range of temperatures on P91 steel
from the Lough Ree power plant. The experimental set up for the tensile testing
consists of a combined furnace and Tinius Olsen tensile test rig seen in figure
3.15(a). The load cell used to measure the steels response is rated to 25 kN
load. The furnace consists of 3 bar heating elements, with the furnace rated up
to 1000 ◦C. The furnace is lined with fire retardant bricks to maintain a constant
temperature during testing.
The tensile testing frame secures the high temperature tensile test (HTTT)
specimen on both sides using M5 threads. A schematic of the furnace, including
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Figure 3.14: The area of interest with notch root highlighted as well as the
scanned surface of the sample after EBSD analysis.
the HTTT specimen, can be seen in figure 3.15b. An Epsilon high temperature
extensometer is held in contact with the gauge length of the specimen using a
configuration of high tension wires, which can be seen in figure 3.16. After the
specimen is secured the front door of the furnace is sealed shut to prevent any
temperature fluctuations during testing.
A set of three thermocouples are used to monitor the temperature at three
different points on the specimen, as indicated in figure 3.15(b). This allows
the specimen to be monitored as it is heated to the required temperature. The
temperature is controlled through an external programmable computer, and a
ramp and hold function is prescribed. A typical ramp and hold function up to
600 ◦C consists of a 60 minute heating time.
Once the system is at the correct temperature the loading of the specimen
begins. The rate of loading is controlled by the Tinius Olsen machine and mon-
itored by a computer program, also developed by Tinius Olsen, called Horizon.
Three different strain rates were used in the tensile testing, 0.025%/s, 0.033%/s
and 0.1%/s. The tests are run to failure and after testing is complete, the rig is
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Figure 3.15: (a) Furnace and Tinius Olden tensile test rig used for the high
temperature tensile tests and (b) schematic of the furnace with tensile specimen
in-situ
Figure 3.16: Experimental set up for compact tension testing
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allowed to cool down and the specimens removed for microscopy.
The weld and cross weld specimens were tested in a similar fashion. Because of
the limited availability of welded P91 material, only one strain rate was considered
(0.025%/s). The weld and cross-weld were run to failure at room temperature,
500 ◦C and 600 ◦C.
3.5.3 Compact tension testing
The same experimental set up for the high temperature tensile tests was used
for the CT specimen analysis. The gripping mechanisms was the only alteration,
changing from a threaded connection for the tensile test to a clevis connection,
commonly used in CT testing. The procedure for the experiment was identical
to the HTTT procedure, with the only difference being the longer temperature
soaking times, due to the thickness of the specimens. After testing was completed,
the specimens were polished with a fine diamond solution to remove the oxidation
that occurs during the high temperature testing.
3.5.4 Micro bend testing
Micro bend testing was carried out on miniature P91 steel specimens extracted
from the Lough Ree power plant. The experimental set up consisted of a Deben
microtester and its accompanying analysis software, MICROTEST. This software
monitored the loading cell and outputted the load vs displacement data during
testing. MICROTEST also controlled the travel speed of the crosshead as well
as specifying between compression and tensile loading.
The Deben microtester (figure 3.17) was used to load the specimen in a three
point bend test. The micro bend specimen, seen in figure 3.10, was placed in the
microtester and held under a small force (typically 5-10 N). This force secures
the specimen in place before testing begins.
The testing is then started at a crosshead speed of 0.4 mm/min. The specimen
is loaded to a prescribed displacement and the cross head is stopped. The load is
then removed from the specimen and the specimen is taken from the microtester.
The specimen is then viewed under an optical microscope to measure the amount
of notch opening that occurred during testing.
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Figure 3.17: Deben microtster during a micro bend test
3.5.5 Neutron diffraction testing
For this work, the main objective when using the neutron diffraction technique
was to attain the lattice elastic constants for P91 steel which are used in the
computational models. The testing took place at two neutron diffraction facilities;
the POLDI neutron diffraction diffractometer in the Paul Scherrer institut (PSI)
in Switzerland and on the ENGIN-X neutron strain scanner in the ISIS campus
located in the United Kingdom.
The experimental setup at the ISIS facility can be seen in figure 3.18, with the
slits controlling the cross section of the incident neutron beam, the P91 tensile
sample and the extensometer used to measure the macroscopic strain during
loading highlighted. The tests were carried out at room temperature and each
test took approximately 6 hours due to intermittent beam time and unavoidable




Figure 3.18: Neutron diffraction experimental setup at the ISIS facility in the
United Kingdom
3.6 Experimental results
In this section the results of the experimentation outlined above for the ex–service
P91 steel are presented and discussed in further detail.
3.6.1 Tensile test data
A wide range of temperatures and strain rates were tested in the uniaxial ex-
perimentation regime. The temperatures tested are, 20 ◦C, 400 ◦C, 500 ◦C and
600 ◦C, which cover the expected temperature range in a steam power plant.
The results for the room temperature analysis can be seen in figure 3.19a
and are similar to the response reported in other experimental work on P91
steel, Haarmann et al. (2002). The Young’s modulus and yield strength are
220 GPa and 490 MPa respectively, which shows good agreement with previous
work on the steel. Figure 3.19(b) shows the response of P91 steel at 400 ◦C. When
compared directly with the room temperature analysis, it can be seen that there
is a significant reduction in both Youngs modulus and yield strength, dropping to
190 GPa and 450 MPa respectively. This reduction is expected with increasing
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Figure 3.19: High temperature tensile test results at a range of temperatures and
strain rates.
temperature and matches well with high temperature analysis previously carried
out, Haarmann et al. (2002).
In figure 3.19 it can be seen that there is a significant reduction in the stress
value directly after yield is achieved. In a long term uniaxial test this reduction
can be attributed to softening, however in this uniaxial monatonic test the dra-
matic reduction is more likely caused by necking of the sample through the gauge
length. In Choudhary and Christopher (2016), serrations in the stress–strain
response of P91 steel around the point of yield are reported. These serrations
presented themselves between 250 and 400 ◦C and were classed as type A and
type A + B serrations. Type A bands are often seen at high strain rate and
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low temperatures while type B serration are more likely to present themselves at
medium strain rates. However these serrations are not seen in the work. This
may be due to the resolution of the extensometer not being unable to capture this
characteristic, with the serrations in Choudhary and Christopher (2016) reported
over a small loading range.
Figure 3.19(c) and (d) highlights the response of P91 steel at 500 ◦C and
600 ◦C. It is clear from the results that the strain rate has a significant effect
which increases with temperature. The results also show that the strength of
the material decreases with increasing temperatures. Table 3.1 shows the elastic
modulus, yield strength, ultimate strength and fracture strain of the specimens
tested. The yield stress is found by using the 0.2% strain criterion. It highlights
the reduction in strength of the steel as the temperature increases, particularly
at 600◦ C.
Table 3.1: Elastic modulus, yield strength, ultimate strength and fracture strain
of the tested samples. (results are for strain rate of 0.1%/s)
Temp. (◦ C) E (GPa) σy (MPa) σu (MPa) εf (%)
20 220±5 490±11 707±42 18±2
400 190±4 450±8 600±64 12±4
500 170±4 390±15 530±24 16±2
600 155±4 310±12 390±29 19±3
A strain value of 1% represents a high strain within the power plant com-
ponents during their life cycle, which may be experienced near a local stress
concentration. Scheduled maintenance standards indicate that a strain of over
0.5% will need further assessment immediately, Scully (2011). It may be noted
in 3.19 that the material demonstrates rate dependence at all temperatures with
stress levels decreasing with increasing temperature. Figure 3.19 also shows that
at temperatures above 500◦C, the peak stress occurs at lower values of strain
(close to 1% strain) and the stress gradient before final failure is quite steep at all
strain rates. Comparing the ultimate tensile strength (UTS) at room temperature
and 600◦C shows a significant reduction of over half (57%) in the steels strength.
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These trends are also evident from the literature for a similar steel (P92), Giroux
et al. (2010).
The large measured strains at fracture and the observed fracture surfaces (eg
Fig. 6) indicate a ductile fracture mode at these temperatures and strain rates.
The maximum void size in Figure 3.20 is of the order of 25µm. Given an initial
precipitate size of typically < 5 µm, which is the likely source of void initiation,
this suggests significant void growth before final failure.
Figure 3.20: Micrograph of the fracture surface of a tensile specimen tested to
failure at 600 ◦C and 0.1%/s
The weld and cross weld specimens (see Fig. 3.6) were tested in a similar way
to the parent steel specimens. The results can be seen in figures 3.21 and 3.22.
It can be seen in figure 3.21 that the weld specimen has a significantly higher
yield stress that that of the parent steel at room temperature. However this
difference is reduced as the temperature is increased and the response is almost
identical at 600 ◦C. Thus an overmatch of weld properties at room temperature
will not apply at temperatures in excess of 600 ◦C. It is also clear that the parent
steel has a greater ductility when compared to the filler material of the weld.
Figure 3.22 shows the results of the cross weld tensile testing. The cross
weld shows a contrasting result to the weld specimens in terms of the trend of
the yield stress. It can be seen that the yield strength at room temperature of
the cross weld specimen is slightly higher than the parent steel, with the yield
strength increasing as the temperature is raised. Once again, the parent steel
shows greater elongation before fracture.
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Figure 3.21: Tensile results for the weld specimens at different temperatures
compared to the parent specimen results
3.6.2 Compact tension
The compact tension testing was carried out at 500 ◦C and consisted of loading
the specimen to a prescribed displacement. Figure 3.23 shows the force v dis-
placement result from the 500 ◦C test. The notch opening and change in angle
were also measured. This can be seen in figure 3.24, where the notch opening of
the high temperature experiment is highlighted. The quantitative measure of the
notch opening is taken using imaging software and the SEM image of the notch
root. 20 points are manually selected along both notch channels and a best fit
line is formed. The software then calculates the angle between these lines and a
value of notch opening is recorded. This process was undertaken 5 times to add
confidence to the result.
The notch opening for the high temperature experiment (seen in figure 3.24)
is measured at 1.6 mm, which is similar to the notch opening recorded in the
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Figure 3.22: Tensile results for the cross weld specimens compared to the parent
specimen results
specimen level analysis (1.5 mm). The angle of opening recorded in the specimen
was found to be 5.2◦ ± 0.1.
3.6.3 Micro bend
Micro bend testing was carried out at room temperature. The force displacement
plots can be seen in figure 3.25. Loading was halted when the displacement
reached 2.8 mm as further loading would have damaged the material at the notch
root and prevented a good quality micrograph to be taken post testing.
The notch opening is recorded using a combination of microscopy and a mea-
suring software, with the deviation of the notch sides from its original, parallel
position measured. This result can be seen in figure 3.26.
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Figure 3.23: High temperature CT test result at 500◦ C
Figure 3.24: The compact tension specimen notch opening
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Figure 3.25: Force vs. displacement plot for the micro bend experiment taken at
room temperature
3.6.4 Neutron diffraction
Using the techniques outlined in section 3.5.5, the elastic lattice response can be
found. These results can be seen in figure 3.27, where the lattice response in the
longitudinal direction is plotted for the {110} plane. It can be seen that initially
the relationship between the macroscopic stress and lattice strain is linear. The
strong inflection in certain planes for transverse loading has been discussed in
literature for both austenitic and ferritic materials, Kanjarla et al. (2012); Li and
O’Dowd (2011); Oliver et al. (2004a).
The neutron diffraction data shown in Fig. 3.27 allows the extraction of the
elastic tensile moduli for the different crystal lattice planes. Table 3.2 shows the
diffraction elastic constants EEhkl and E
P
hkl, measured in ENGIN-X and POLDI
respectively. These values are obtained by calculating the measured lattice strain
62
3.6 Experimental results
Figure 3.26: Microbend specimen highlighting the notch opening after loading
Table 3.2: Diffraction elastic constants in the longitudinal direction for P91 steel










and micro-stress when the applied macroscopic stress is below 200 MPa, Li et al.
(2014a). These values are very close to recent neutron diffraction studies on P91
steel, where the E200 and the E211 were found to be 167±4 GPa and 228±2 GPa
respectively. To fully characterise the elastic response of the material the shear
moduli and is also required and this requires calibration tests. These tests involve
calibrating an EBSD based model using assumed elastic constants to match the
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Figure 3.27: Room temperature data from the ND experiments undertaken at
POLDI and ENGIN-X for the 110 longitudinal direction
neutron diffraction measurements. These tests have not been carried out due to
time constraints and elastic constant values from literature are utilised in this
work.
3.7 Summary
The relevant sample specifications, test procedures and technical practices were
described in this chapter. The results of these experiments were also described.
• A high temperature testing plan using P91 tensile specimens was under-
taken, with a range of temperatures( 20◦ C to 600◦ C) and strain rates
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(0.025%/s, 0.033%/s and 0.1%/s) being tested. The test specimens were
manufactured from the Lough Ree power plant steel.
• The results of the high temperature tensile testing were presented, with
a strain rate effect being demonstrated through all temperatures. It was
also found that the reduction in Youngs modulus and yield strength was in
keeping with previous work in literature
• Micro bend experimentation at room temperature was carried out using the
Lough Ree power plant steel. Thin specimens were EBSD scanned before
and after loading to determine the change in orientation of the materials
grain structure
• It was found that there was a significant change in the microstructure of
the steel at the root tip. A macro-level analysis was used to compare the
modelling results with the tested specimen by looking at the notch opening.
These results compared well with the modelling showing an opening of 19.8◦
and the specimen recording an opening of 20.4◦.
• Compact tension testing was carried out with steel from both Lough Ree
and Coolkeeragh power plants. A range of temperatures were used in the
testing (20◦ C to 600◦ C).
• Neutron diffraction testing was carried out on specimens manufactured from
the Lough Ree power plant header. The results of the testing helped define
the elastic constant of the P91 steel, as well as validating the micro-scale
response of the material model
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4
Finite element modelling of P91
steel
4.1 Introduction
Prediction of material performance is a critical aspect in the maintenance of mod-
ern power plants. In particular, important insights can be obtained through mi-
crostructurally motivated modelling studies, Li et al. (2013, 2014a). Quantifying
the influence of microstructural features on the constitutive response of tempered
martensitic steels is also relevant to optimal design of such materials, and to the
accuracy of structural integrity assessment. It has become an important industry
tool by providing a means of predicting when and where power plants are likely to
see failures. Areas of high stress concentration can be identified using modelling
techniques that include the effect of cyclic loading, rate sensitivity and thermal
considerations. Component lifetimes can also be predicted and an inspection
schedule can be determined using the knowledge gained. In this work two dif-
ferent levels of modelling were used, a continuum level specimen scale analysis
and a micro-scale level analysis, capturing the response of the microstructure of
the steel. In this chapter the finite element analysis (FEA) techniques used to
capture the response of P91 steel is outlined.
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4.2 Material model
At the continuum, specimen level, the material model used to represent the
P91 material is an isotropic, Von-Mises piecewise linear hardening model, imple-
mented directly using the the commercial finite-element code ABAQUS Dassault
Systemes Simulia Corp. (2011). The strain hardening behaviour is implemented
directly using the *PLASTIC option in ABAQUS. Rate effects are not explicitly
incorporated with the relevant tensile response corresponding to the appropriate
strain rate for the specimen taken from the tensile data presented in Chapter 3.
This model is used for the microbend specimen test (room temperature only) and
the compact tension test (room temperature and 500 ◦C).
The microscale FE analysis a rate dependent, thermomechanical, crystal plas-
ticity material model utilised in this work is based on the model developed by
Busso (1990) and extended by Li and O’Dowd (2012). The constitutive model
has been implemented into ABAQUS using a user subroutine (UMAT). This ma-
terial model is used in the analysis of the tensile tests and in the microbend and
compact test analysis. In the latter case, a submodelling approach is used as will
be discussed later.
A slip-system based crystal plasticity model, Asaro and Rice (1977), is used
to represent the material deformation at the microscale. For slip based plastic
deformation in crystalline materials, the plastic velocity gradient, Lp, depends
linearly on crystallographic slip rate,
Lp = Ḟp (Fp)−1 =
N∑
α=1
γ̇αmα ⊗ nα, (4.1)
where Fp is the plastic deformation gradient and γ̇α, mα and nα are the slip
rate, slip direction and slip plane normal of the slip system, α, respectively, N
refers to the total number of slip systems and ⊗ indicates a dyadic product. The
accumulated equivalent plastic strain, corresponding to Lp, is used in this work





















Femα ⊗ nα (Fe)−1 + (Fe)−T nα ⊗mα (Fe)T
]
. (4.3)
with Fe the elastic deformation gradient. A linear elastic relationship for the
constitutive model is defined between second Piola-Kirchoff stress,S, and elastic
Green tensor, Ee, as;
S = C : Ee, (4.4)
where C is the elastic stiffness tensor and : represents double contraction of ten-
sors.
For a slip system α, a thermally activated flow rule, Li et al. (2014b), is
employed to determine the plastic slip rate as a function of the resolved shear
stress, τα, on the slip system α,











where T is the absolute temperature, k is the Boltzmann constant, F is the
total free energy required to overcome lattice resistance, and p, q and γ̇0 are
the exponents and pre-exponential constants; τ0 is the critical shear stress. The










where hαβ is the hardening matrix and Ssat the saturated slip resistance with
initial value S0. The hardening matrix, h
αβ, is written as
hαβ = hs
[
ω + (1− ω) δαβ
]
(4.7)
where ω is an interaction constant and δαβ is the Kronecker delta. In this work,
ω = 1, corresponding to Taylor hardening, indicates that all slip systems interact
equally during strain hardening. A similar assumption has been made in our
previous work on P91, Li et al. (2014b) and in Delannay et al. (2006) in the
study of single phase (BCC) and multiphase (FCC and BCC phases) steel. In
Erinosho et al. (2013) both Taylor hardening (denoted in their paper as isotropic
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latent-hardening) and self hardening (equivalent to ω = 0 in our formulation)
were examined in a BCC (ferritic) steel. Good correspondence in the prediction
of limit strain (onset of necking) was found for the isotropic latent-hardening
case, though no comparison with experiments was provided for the self hardening
case. More recently, Chen et al. (2014) have used a Taylor hardening assumption
to represent strain hardening in the ferritic phase of one of two dual phase steels
examined.
4.3 Finite element implementation: microscale
analysis
The microscale analysis, which is based on a crystallographic finite-element for-
mulation, requires that individual grains/blocks by identified in the finite-element
mesh provided. In general two approaches have been used in such analyses. In
one approach, generated microstructures are used, which are representative of the
overall material microstructure, with grain boundaries explicitly identified. In the
second approach, grain distributions and orientations are determined from direct
microstructural measurements, e.g. SEM/EBSD. In each case a representative
volume element (RVE) is constructed which contains all characteristic features
of the material microstructure and appropriate boundary conditions are used to
link the continuum and microscale. This technique allows for the most accurate
representation of the material using the smallest possible volume of that material.
RVE’s are usually periodic in nature, which allows the model to fully represent
the material at higher length scales.
4.3.1 Voronoi tesellation method
In this approach a generated microstructure was created through the use of the
Voronoi tessellation method, Ghosh et al. (1997). This method generates ran-
domly sized grains to fill the microstructure model and randomly assigns a crystal
orientation to each grain. The average grain size is specified within the proce-
dure. An algorithm is used to avoid grain shape deviation, Du et al. (1999), a
common problem in Voronoi tessellation, Fritzen et al. (2009). The texture of
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the generated microstructure is required to be random to be consistent with the
EBSD technique used in the measured microstructure model. This is achieved
by assigning the uniformly randomised crystallographic orientation in terms of
Euler angles, Golden et al. (2014); Li et al. (2011). An example of a generated
microsctructure using Voronoi tessellation can be seen in figure 4.1. Each grain
(bock) consists of approximately 55 elements and are auto-generated using an
algorithm.
Figure 4.1: FE RVE of P91 steel which has been generated using Voronoi tessel-
lation, and a section of the model highlighting the mesh used in the analysis. Each
grain contained roughly 55 elements.
4.3.2 Use of measured EBSD data
In this approach, values of local grain orientation are taken from electron back
scattered electron (EBSD) scan, as discussed in Chapter 3. This determines
the surface (2D) material crystallographic orientations, along with their relative
position (given as x − y coordinates). This information is then incorporated
at the element level of the finite-element analysis, through the *MATERIAL
option. The finite-element model uses a quasi-2D modelling approach, with the
mesh being one element in thickness representing columnar grains. Typically,
the size of the scanned area is approx. 250 µm × 200 µm with a step size of
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0.5 µm giving up to 100,000 individual data points. In practice, elements with
similar orientations (within a tolerance of 0.5◦) are grouped together as a single
material. After the EBSD scan is completed the data are taken from scanned
points on the material surface, and for each point a crystallographic orientation
is defined as a set of three Euler angles. The grid size denoted by the number
of scanned points is used to produce a regular rectangular mesh with the same
dimensions as the EBSD scan. The element size corresponds to the step size in
the EBSD scan. For example, for an EBSD scan containing 30,000 sets of Euler
angles, the corresponding finite element mesh would also contain 30,000 elements.
This procedure is implemented in a MATLAB script that determines the nodal
information automatically, using the number of scanned areas as a starting point.
The conversion from EBSD data to nodal information for the finite element mesh
is shown schematically in figure 4.2. The example illustrated is for an eight noded
block, with each element assigned a single set of Euler angles, corresponding to the
nearest point in the EBSD scan. This technique produces an identical resolution
for the RVE to the experimental data generated by the EBSD scan, making a
mesh sensitivity analysis unnecessary as the resolution of the RVE can not be
further improved.
Once the nodal framework for the finite element mesh has been completed,
each element is numbered and defined using the nodal coordinates. The next
step is to group sets of elements with a similar lattice orientation. This process is
achieved by using a MATLAB script to analyse the Euler angles from the EBSD
scan. The MATLAB script calculates the rotation matrix for each orientation by
multiplying the three matrices generated by rotations about the axes.
A = AZAYAX (4.8)
The axes of rotation depends on the convention being used. In this case the
x-convention is used with rotations about the Z,Y and Z axes, and corresponding
angles φ, θ and ψ.
AX =
 1 0 00 cosφ sinφ
0 − sinφ cosφ

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Figure 4.2: Conversion from EBSD data to the nodal information for the finite
element mesh
AY =
 cos θ 0 − sin θ0 1 0
sin θ 0 cos θ

AZ =





 cos θ cosψ cos θ sinψ + sinφ sin θ cosψ sinφ sinψ − cosφ sin θ cosψ− cosφ sinψ cos θ cosψ − sinφ sin θ sinψ sinφ cosψ + cosφ sin θ sinψ
sin θ − sinφ cos θ cosφ cos θ

When the matrix A is found for each orientation, a filtering process by MAT-
LAB is used to collect points with similar lattice orientations. An adjustable
73
4. FINITE ELEMENT MODELLING OF P91 STEEL
tolerance, based on the determinant of the rotation matrix A, is used to reduce
the number of unique orientations. For example 6 unique lattice orientations (sets
of Euler angles) are reduced to 2 in figure 4.3, using a tolerance of 5 % on the
determinant of A. This technique simplifies the analysis and reduces the compu-
tational time with a negligible impact on the modelling accuracy, as demonstrated
when comparing results from both models. The technique described above will
reduce the number of unique crystallographic orientations from over 70,000 ob-
tained from the EBSD map to∼600. The modelling in question solves at the block
level of the P91 microstructure and therefore does not require a detailed mod-
elling representation of the crystallographic variation within the block boundaries
(lath microstructure).
Figure 4.3: Simplification of 6 unique lattice orientations to 2 orientations
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The MATLAB programme generates a formatted input file which can be
submitted directly to ABAQUS. The program outputs several files that, when
combined, form the basis of the FEA model. These include files containing the
nodal coordinates, element numbering system and EBSD coordinate assignment.
Each crystallographic orientation captured by the EBSD analysis is assigned to
its respective element by means of a coordinate system. Eight noded block el-
ements have been used throughout (C3D8) with full integration. The implicit
global solver is used with a consistent material stiffness matrix (jacobian), Li and
O’Dowd (2011), and at the element level an implicit update is used to solve the
non-linear stress update problem. Further details can be found in Meissonnier
et al. (2001).
A typical RVE can be seen in figure 4.4, with the legend highlighting the
crystallographic orientation of each element. Here one Euler angle, θ, is plotted.
The finite element analysis is carried out primarily on the national high per-
formance computing facility, ICHEC, with smaller analyses carried out on local
workstations.
Figure 4.4: FE RVE representing the microstructure of P91 steel. The legend
highlights the crystallographic orientations represented by each element
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4.3.3 Boundary conditions
Boundary conditions are an important consideration when carrying out modelling
at the micro-scale. Typically periodic boundary conditions are used which im-
plies a repeating RVE extending to infinity in each of the three directions. In
the X and Y directions this implies that the microstructure is mapped to adja-
cent RVEs in both directions. In the Z direction, for a 2D analysis, it implies
uniform columnar grains. Thus a uniform stress/strain applied globally can be
represented by an application of a uniform stress/strain on the RVE boundary.
Note that for the microstructure shown in figure 4.4 the orientation at each edge
of the RVE is not specified to be continuous. Thus the edge, in effect, repre-
sents a grain/block boundary. For the Voronoi tessellation method, however,
edge elements can be specified to have zero or 90 ◦ orientation (in 2D) to ensure
a continuous microstructure across edge boundaries.
Periodic boundary conditions for a two-dimensional RVE can be represented
as
uNorth − uNode4 = uSouth − uNode1 (4.9)
uWest − uNode1 = uEast − uNode2 (4.10)
where u is the nodal displacement vector and the edges of the RVE depicted in
figure 4.5 are given by the subscripts north, south, east and west, (Van Der Sluis
et al. (2000)). For this configuration Node 1 is fully constrained throughout the
analysis, so equations 4.9 and 4.10 simplify to
uNorth − uNode4 = uSouth (4.11)
uEast − uNode1 = uWest (4.12)
Another constraint is required to extend the periodic boundary condition to three
dimensions. This is achieved by creating nodesets Front and Back. These nodes
sets are constrained as follows;
uFront − uNode5 = uBack (4.13)
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Figure 4.5: Periodic boundary conditions applied to a 2D RVE
allowing the front and back faces to remain parallel throughout the analysis.
Figure 4.6 shows the RVE using periodic boundary conditions and its applica-
tion in representing a material by replicating itself in an infinite array. It also
highlights a limitation in using explicit means of representing the microstructure
through EBSD measurments, with the grain orientation not continuous over adja-
cent scans. This is overcome in the Voronoi tessellation RVE by restricting grains
at the outer edges of the RVE to have identical crystallographic orientations and
geometries with the adjacent area.
Loading the two-dimensional RVE required manipulation of the displacements
and constraints of the control nodes seen in figure 4.5. For example, to establish
a uniaxial loading regime node 4 would be prescribed a displacement value in
the 2-direction and the periodic boundary condition would then ensure uniform
deformation between parallel edges throughout the analysis.
4.3.4 Submodelling
For the microbend and compact tension analysis, a submodelling approach has
been adopted. In this case boundary conditions are not employed but the bound-
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Figure 4.6: Demonstration of the effect periodic boundary conditions have on an
RVE model, and how it can represent a much larger area of material
ary conditions for the RVE are fully determined by a specimen level analysis. The
finite element results obtained for the X and Y displacements from the specimen
level analysis are applied directly at the RVE boundary. The out-of-plane peri-
odic boundary condition is maintained, to represent the columnar grains. This
approach neglects the effect of force on the external nodes of the RVE, choosing
only to model the displacement experienced. This will have an effect of the stress–
strain response at the outer areas of the RVE, however the area of interest (the
notch root and the response from this) will not be effected by this assumption.In
Xie and Waas (2006) both displacements and nodal forces have been specified at
the boundary of an RVE rather than displacements only. However the applica-
tion of displacements only is commonly used, Betegon and Hancock (1991); Miller
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et al. (2007); Wu et al. (1997), and any errors involved are expected to be small
and affect only the outer region of the RVE and not the area of interest close to
the notch. Therefore, in this work only displacements have been specified at the
RVE boundary.
The response of the micro scale analysis will be compared directly with the
experimental data outlined in chapter 3.
4.4 Finite element implementation: specimen
level analysis
Two different specimen level models were used in this work. The first was a
micro bend specimen model that was used to investigate the material at room
temperature, the second specimen level analysis was a compact tension (CT)
model and this was used to investigate the response of P91 material at high
temperature (500 ◦C).
4.4.1 Micro bend specimen
This modelling analysis replicates the micro bend specimen shown in figure 3.10.
The model was developed as a means of creating boundary conditions to the
microscale analysis. A local strain of 20 % was required at the notch root to
provide deformation at the microscale. The specimen was modelled in both 2D
and 3D. For the 2D analysis the specimen was modelled using both plane stress
and plane strain. The 2D models were meshed with CPS4 elements for the
plane stress and CPE4G elements for the plane strain analysis, with the FE
framework consisting of 10,000 elements. The 3D model, along with the loading
and boundary conditions, can be seen in figure 4.7. The boundary conditions
used symmetry to reduce the computational time, and effectively model only one
quarter of the actual microbend specimen. The 3D model consisted of 200,000
C3D8 elements.
The schematic shown in figure 4.7 shows the loading conditions used in the
analysis. These consisted of a force and a boundary condition that simulate a
three point bend test. The load was increased to give a 20 % local strain at the
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Figure 4.7: 3D FEA representation of the micro bend specimen with loading
conditions
notch root and the displacements at the point of interest (the notch root) were
recorded.
4.4.2 Compact tension specimen
The compact tension model consisted of a 3D representation of the specimen
shown in figure 3.9. A similar approach to the micro bend model was taken, with
the model consisting of 27,000 C3D8 elements. A schematic of the model can be
seen in figure 4.8, with highlighted loading conditions.
The loading is represented by a concentrated force applied to a reference point
that is in turn applied to the upper face of the loading holes. Once the analysis
was complete the displacements at the notch root were recorded.
4.4.3 Material model
The material response for both the micro bend and the CT models were rep-
resented by a elastic-plastic material model. The elastic region of the material
model was governed by a constitutive model, where the Young’s modulus and
poissons ratio of the steel was taken from literature, Haarmann et al. (2002).
A piecewise linear plastic response was specified beyond the yield point using
the *PLASTIC option in ABAQUS and the data obtained from the tensile tests
80
4.4 Finite element implementation: specimen level analysis
Figure 4.8: Specimen level model of the compact tension specimen with loading
conditions
Table 4.1: Material model implementation for the plastic response of P91 steel
within ABAQUS. Experimental data taken from tensile testing of P91 steel






described in Chapter 3. Table 4.1 shows the implementation of the first five terms
defined in the plastic region of the elastic plastic material model within ABAQUS.
The data seen in table 4.1 consisted of the stress–strain information starting at
the yield point and up to the ultimate tensile strength of the steel. A total of
900 unique stress-strain points were included in defining the plastic region of the
material model and this data was taken directly from the experimental analysis
outlined in chapter 3.
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4.5 Summary
The relevant modelling procedures and technical practices were described in this
chapter.
• The material response of the micro scale analysis is captured by a flow rule
developed for martensitic steel.
• A FE framework has been developed for the micro-scale analysis, gener-
ated by a MATLAB program using a Voronoi tessellation approach or a
microstructure measured directly from EBSD.
• The boundary conditions for the micro scale modelling have been described.
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Validation of crystal plasticity
model
In this chapter the results of the investigations into P91 steel are outlined. The
chapter consists of three sections, the first concerns the results of the high tem-
perature testing and the macroscopic validation of the data, the second section
discusses the results of the micro bend analysis and the resulting microscale vali-
dation of the model at room temperature with the third section dealing with the
high temperature microscale validation using the CT specimen.
5.1 Modelling results
The representative volume element (RVE) generated from the EBSD scan was
used to model the behaviour of P91 steel with periodic conditions applied to
the RVE boundaries. Figure 5.1 shows a typical plot of accumulated equivalent
strain (representing an area of 250× 200µm) present in the model after loading.
It may be noted that although the specimen is loaded in uniaxial tension, the
strain is non-homogenous throughout the RVE, due to the explicit representation
of the material microstructure. It may also be noted that, due to the material
heterogeneous nature, the local strain can exceed 20 % though the macroscopic
strain is 10 %. As the RVE has been found to be representative of the material
microstructure, Li et al. (2014a), the same RVE has been used at all temperatures.
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Figure 5.1: Plot of the accumulated equivalent strain present in the RVE after
loading at 600 ◦C with a strain rate of 1%/s
Figure 5.2 shows the comparison between the model predictions and the ex-
perimental data. The modelling results are not illustrated beyond 1% strain, as
at higher strain levels the overall deformation is no longer homogenous, due to
necking, and thus not consistent with the use of a periodic RVE. The stress–strain
curves from the model were produced by initially fitting a single strain rate to
the experimental data. In this case the 0.1 %/s experimental data was used to
match the modelling results. The curves from the 0.1 %/s strain rates between
the model and data are almost indistinguishable over the full range of tempera-
tures. The same analysis was undertaken for the 0.025 %/s and 0.033 %/s strain
rates across all temperatures, using the same material properties and altering the
loading conditions to account for the change in strain rate. The modelling results
for the 0.025 %/s and 0.033 %/s were found to under predict the stress, as can
be seen in figure 5.2.
The cubic elastic constants over the temperature range are obtained from
the literature, Razumovskiy et al. (2011), which were in close agreement with
the neutron diffraction results obtained in this work at room temperature and
outlined in chapter 3. These elastic constants were adjusted slightly to match the
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data in the linear regime.
The material properties used in the single crystal model are presented in
Table 5.1. Three material constants are temperature dependent, the critical shear
stress, τ0 and the initial and saturated flow stress, S0 and Ssat, respectively. The
calibration process was aided by certain constraints imposed, for example the
values of p and q were recommended to be 0 < p > 1 and 1 < q > 2, Lin et al.
(2010). Thus, seventeen material constants are required to represent the inelastic
material response over the full temperature range. It was noted that the material
examined in this work is an ex-service P91 material—the material constants used
may depend on the prior loading history of the material.
Figure 5.2: Predicted modelling results compared to the stress strain response of
P91 steel at a range of temperatures to failure
85
5. VALIDATION OF CRYSTAL PLASTICITY MODEL
Table 5.1: Material constants used in the single crystal material model for P91
martensitic steel.
T τ0 S0 Ssat hs γ̇0 F p q
◦C MPa MPa MPa MPa s−1 kJ/mol - -
20 463 2.2 300 250 450 286 1 1.9
400 500 32 220 800 450 286 0.7 1.5
500 710 55 164 870 450 286 0.64 1.25
600 145 80 115 300 450 286 0.5 1.25
5.2 Results of micro bend tests
As discussed in Chapter 3 miniature bend samples (50 mm × 5 mm × 2 mm) were
extracted from the same header cross section as was used for the tensile test spec-
imens. Electron discharge machining (EDM) was used to extract the specimens
which were loaded mechanically using a Deben microtester. The sample has a
narrow (0.7 mm) notch of length 3 mm (figure 3.10) cut using a diamond tip saw
blade. The use of this miniature specimen, in conjunction with the microtester,
allows accurate deformation information for complex multiaxial loading states.
The sample surface was metallographically polished and etched for viewing in the
SEM. The top surface was first ground by progressively less coarse silicon carbide
paper that was water cooled during grinding, followed by a polishing with fine
diamond abrasive. A Vibramet machine was used to give the specimen a final
polish, which provides the surface finish required for EBSD. An EBSD scan of
300 µm×175 µm is obtained from the region, directly adjacent to the notch root,
as indicated in the lower diagram in figure 3.10 b. EBSD results are presented
as inverse pole maps, based on the three Euler angles, Li and O’Dowd (2011); Li
et al. (2011). Through the use of an EBSD analysis, changes in orientation due
to deformation can be measured accurately, providing experimental validation of
constitutive models at the microscale. Two EBSD scans are recorded, one prior
to specimen loading, which identifies the initial block orientations, and one after
loading in the microtester. As the microtester does not fit within the SEM cham-
ber required for the EBSD analysis, the specimen is measured in the unloaded
condition.
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Figure 5.3: Entire EBSD scan (1500 blocks) with highlighted regions A (35
blocks) and B (20 Blocks). All scans are taken at the notch root
A typical EBSD scan (before deformation) is illustrated in figure 5.3, which
yielded a 96% data capture rate. The spatial resolution of approx. 1 µm,
which is on the order of the lath size. A smoothing filter, Golden et al. (2013);
Li et al. (2014a), using MATLAB, MathWorks (2005), was used to account for
these unscanned areas (about 4% of the whole scan). The scan contains ap-
proximately 1,500 blocks—our numerical studies have shown that this number of
blocks provides an accurate representation of the mechanical response of the P91
microstructure. On the right of figure 5.3 we have identified a 35 grain sub-region
of the EBSD scan (bottom right), designated Region A, with dimensions approx.
50×50 µm2 and a smaller 20 grain region, designated Region B, with dimensions
approx. 30× 30 µm2 . These regions will be discussed later in the chapter.
The EBSD data of figure 5.3 are presented as inverse pole maps in figure 5.4.
Figure 5.4 (a) shows the preferential orientations of the overall scan in terms of
MRD (multiplies of random density), which provides a measure of the preferred
crystallographic orientation of the material, Blochwitz et al. (2008). It can be
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Figure 5.4: Inverse pole figures capturing the initial misorientation distribution
to (a) highlight the intensity of the preferred texture and (b) show the orientations
of the grains before loading
seen from figure 5.4 (a) that the initial texture of the scan has an intensity of 1.21
(a microstructure with no texture would have MRD = 1). In other words, the
population of orientations is 21% higher than expected in a random distribution.
Figure 5.4 (b) shows an inverse pole plot for Region A, identified in figure 5.3.
Here orientations at individual material points are represented, rather than MRD
values. Clustering of the points indicates the presence of a block, with the region
examined having approximately 35 blocks.
To obtain a quantitative measure of deformation at the block level, the concept
of crystal deformation was introduced by, Kamaya et al. (2005). Crystal defor-
mation, CD, is defined as the misorientation of a block or collection of blocks.
The value of CD is obtained by calculating the ‘central orientation’ for each block
and finding the variation in orientation with respect to this value. The change
in CD due to deformation is then used to quantify local changes in crystal ori-
entation, Kamaya et al. (2005). Individual blocks are identified from the EBSD
scans by applying a filter to the Euler angle information to exclude any misori-
entation angle less than 50◦. For a region with NG blocks, the central orientation
for each block is determined by minimising the function Sk which is the sum of
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where nk is the number of material points in block k, pk and p are points within
the block and β(pk, p) is the misorientation between these points. The minimum
value of Sk is defined as the central orientation of the block, located at position
p, and is defined here as Ŝk. The crystal deformation, CD, for the collection of







The initial value of CD for the full representative volume element (RVE) (NG =
1514) of figure 5.3 is determined to be 2.13◦, representing the average lath mis-
orientations within each block, which is expected to be on the order of 2◦. Two
individual blocks are identified in figure 5.3 within Regions A and B (the indi-
vidual blocks are labelled 1 and 2). The CD value for block 1 before loading is
2.75◦ and for block 2 is 2.94◦, consistent with the expected lath misorientation.
Figure 5.5: The force versus deflection response of the plane stress, generalised
plain strain and 3D finite-element models of the three point bend specimen. The
experimental response of the specimen is also included
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Figure 5.6: Specimen level validation for the elastic plastic model (a) the specimen
notch after loading and (b) the elastic-plastic model notch after loading.
5.2.1 Finite element results
As discussed in Chapter 4, the problem has been examined at two length scales—
a specimen level analysis (mm length scale) to obtain the global mechanical be-
haviour, using an isotropic elastic-plastic material model and treating the material
as a homogeneous continuum, and a micro-level analysis (µm length scale) to de-
termine the response at the block level using a crystal plasticity model capturing
the material microstructure. The specimen level analysis has a dual purpose,
– firstly to assist in the design of the experiment, providing an estimate of the
load-point displacement needed to generate sufficient, but not excessive, plastic
deformation at the notch root, and secondly to determine the boundary condi-
tions to be applied for the microscale finite-element analysis.
5.2.1.1 Specimen level modelling
For the specimen level continuum modelling the material response was taken
directly from the measured uniaxial stress-strain behaviour of the steel. Data
from a typical room temperature tensile test shown in figure 3.19, taken from
the same header as the microbend specimens. The material model used within
the continuum level FE analysis is also shown in the figure. The material has
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Young’s modulus = 210 GPa, yield stress = 480 MPa. The model captures the
elastic region and post yield behaviour of the material up to 10% strain very
well. As the global strain experienced in the three point bend test is considerably
less than that seen in the tensile test, no attempt has been made to capture the
softening/necking behaviour at very high strains.
The specimen geometry of figure 3.10 is represented using approx. 10,000 2D
elements or 200,000 3D element, with the smallest element size approx. 15 µm.
Plane stress (CPS4 elements in ABAQUS), generalised plane strain (CPE4SE)
and full 3D (C3D8) analyses was carried out in ABAQUS to compare directly
with the experimental data. An identical modelling architecture was used for all
three models, with 20 elements through the thickness of the 3D model. The nodal
displacements from the specimen level analysis were used to generate the bound-
ary conditions for the representative volume element (RVE) microscale study, as
discussed below.
5.2.1.2 Microscale model analysis
For the microscale analysis, the EBSD scan of figure 5.3 is converted into an FE
mesh to provide an RVE of the material microstructure, representing the near
notch region (see figure 3.10). The Euler angle information is mapped from the
EBSD scan to the FE mesh using a regular grid of equally sized finite elements
with identical spatial resolution to the EBSD scan. The crystal plasticity ma-
terial model, described in section 3.1, is used in conjunction with the boundary
conditions obtained from the specimen level FE analysis.
Approximately 76,000, 3D block elements (C3D8 elements in ABAQUS) are
used (smallest element size is 1 µm). The 3D mesh is periodic in the z-direction
and of one element in thickness.
5.2.2 Specimen level results
Figure 5.5 provides a comparison between the measured load-displacement trace
obtained from the Deben microtester with the model prediction. The displace-
ment measured is the crosshead displacement; the load is determined from a 2 kN
load cell. The agreement between the three finite element models and experiment
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Figure 5.7: Specimen level model showing total plastic strain with highlighted
area of interest at the notch tip.
is good, particularly in the elastic regime and at the maximum displacement (2.8
mm) with the best agreement obtained from the 3D model, where the dashed line
is almost indistinguishable from the experimental data during the second stage
of loading. From the specimen level FE analysis it has been determined that a
load point deflection of 2.8 mm induces an average local plastic strain of approx.
20% at the notch root, corresponding to a load of 180 N.
The agreement between the experiment and the model in the early stages of
the post-yield response is somewhat poor, even for the case of the 3D model—
the measured load at global yield is approx. 9% higher than that predicted
by the model. The reason for this discrepancy has not yet been identified. The
tensile and bend specimens were extracted from the same pipe and have the same
orientation. The bend specimen is subjected to bending/compression across the
loaded cross-section, so it is possible that the observed difference may be due to
asymmetry in the yield response under tension and compression.
Figure 5.6 shows the global specimen deformation and notch opening from
the experiment and model corresponding to a deformation of 2.8 mm. An opti-
cal microscope was used to measure the notch opening. The model in figure 5.6
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(b) has been reflected about the central axis to aid visualisation (a symmetric
FE model was used in the analysis). The strains presented correspond to the
unloaded state (after the specimen has been removed from the microtester). The
close agreement between the experimental and measured deformation is noted.
The large plastic deformation near the notch is indicated by the bright region
in the optical microscope image (figure 5.6 (a)) which corresponds quantitatively
with the high strain region indicated in figure 5.6 (b) (the red region in figure
5.6 (b) corresponds to 28% strain). Figure 5.7 shows more detail of the equiva-
lent plastic strain contours in the near notch region (plotted on the undeformed
configuration). The inset to the figure indicates the region to be analysed in the
microscale analysis. Note that as the microstructure is not symmetric about the
central plane, the RVE width to be analysed in the microscale analysis is twice
that indicated in this figure.
5.2.3 Microscale results
The displacement values, obtained from the specimen level analysis, were applied
as boundary conditions to the RVE of figure 5.3. The corresponding contours of
accumulated equivalent plastic strain, εeq are shown in figure 5.8. The central
plane of the RVE is indicated in the figure to locate the notch plane. Note that
although the microstructure is non-symmetric the resultant deformation patterns
show considerable symmetry about the notch plane. As expected, the largest
strain is present in the area just above the notch root (εeq > 20%). There are
also areas of low strain within the RVE, away from the notch root (εeq < 2%).
Analysis of the RVE shows an average RVE strain of 20%, consistent with the
specimen level model and the applied boundary conditions.
EBSD analysis was carried out on the specimen after loading with the results
presented in figure 5.10. Figure 5.10 (a) shows the preferential orientation in
terms of MRD for the EBSD scan taken from the near notch region of the speci-
men. The initial orientation was provided in figure 5.4. The maximum value of
MRD is reduced slightly after loading (from 1.21 to 1.16), indicating a change in
orientation preference. Figure 5.10 (b) shows the results for the 35 block region in
Fig. 3 (Region A), presented in terms of individual inverse pole orientations. It
93
5. VALIDATION OF CRYSTAL PLASTICITY MODEL
may be seen that there is a significant change in the material orientations follow-
ing loading, with a wider scattering of orientations, when compared with figure
5.4.
In figure 5.9 the comparison between the microstructure at the notch root
before 5.9 (a) and after loading 5.9 (b) is made. These contour plots show the
change in crystallographic orientation indicated by the change in colour of the
grains. Both 5.9 (a) and 5.9 (b) have highlighted areas that show the change in
orientation more clearly. Figure 5.9 (c) shows the modelling prediction for the
experimental analysis with the loading conditions applied to simulate the loading
experienced in the experimental analysis. This RVE contour plot can be compared
directly with figure 5.9 (b), with the trends of the change in crystallographic
orientations well captured. There is also a physical deformation associated with
the three point bend loading, this can be identified by the change in position of
the grains in relation to each other.
Figure 5.8: Accumulated equivalent plastic strain (εeq) in the RVE corresponding
to a global bending displacement of 2.8 mm
Figures 5.10 (c) and (d) shows the corresponding predictions from the FE
RVE model. Close agreement in the post-deformation MRD value is obtained
between the model (figure 5.10 (c)) and experiment (figure 5.10 (a)) and the
predicted change in orientations following loading seen in figure 5.10 (d) is very
similar to that observed in the experiment (figure 5.10 (b)).
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Figure 5.9: The initial microstructure (a) attained from the EBSD analysis be-
fore loading, the deformed microstructure (b) after loading and the predicted mi-
crostructure (c) achieved by modelling the initial microstructure applying appro-
priate loading
95
5. VALIDATION OF CRYSTAL PLASTICITY MODEL
Figure 5.10: Inverse pole plots to compare directly with the initial textures, with
(a-b) the experimental data and (c-d) the FE model
A quantitative assessment of the accuracy of the numerical predictions may
be made using the crystal deformation (CD), defined in section 2. The results are
presented in Table 3. The measured value for CD for the area examined increases
from 2.13◦ to 5.65◦ as obtained from the EBSD scan before and after deformation.
The corresponding prediction from the FE model is 5.28◦. The value of CD for
Block 1 (from Region A in figure 5.3) increases to 8.12◦ (model prediction 7.74◦).
For block 2, which is a region of higher deformation (Region B in figure 5.3), CD
increases to 9.83 (model prediction 9.35). This analysis highlights the accuracy
with which the model has predicted the deformation, both for the full RVE, as
well as in individual blocks (grains),
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Table 5.2: Crystal deformation results.
0% Strain 20% Strain (Experiment) 20% Strain (Model)
RVE 2.13 5.65 5.28
Block 1 2.94 8.12 7.74
Block 2 2.75 9.83 9.35
5.3 Results of CT tests
In the previous section a microscale analysis of P91 was undertaken at room
temperature using a microbend specimen. This section will concentrate on char-
acterising the microscale response of the steel at high temperature (500 ◦C). This
analysis used a C(T) specimen to test at high temperature as no high tempera-
ture capability is available for the Deben microtester. As discussed in Chapter
3 the steel used in this part of the work was extracted from a power plant cur-
rently in operation (Coolkeeragh power station, Ireland) which had experienced
approximately 25,000 hours of service before removal (no further material was
available from the Lough Ree header).
An initial EBSD scan of 170 µm× 140 µm was obtained at the notch root of
the specimen. The EBSD contour map can be seen in Fig. 5.11. Two further
regions of interest (Region A and B) are highlighted in the scan. Once this initial
EBSD scan was completed the specimen was tested and a second scan was taken
at the notch root to measure the change in crystallographic orientation within
the area of interest.
The EBSD image in Fig. 5.11 had a capture rate of 94%, and unscanned
areas were disregarded as before by using a noise reduction technique, where
the surrounding orientations are considered when assigning an orientation to the
unscanned area. The EBSD scan had a resolution (step size) of 0.5 µm and the
entire collection process took 8 hours to complete.
The EBSD data presented in Fig. 5.11 are presented as inverse pole maps
in Fig. 5.12. Figure 5.12(a) shows the preferential crystallographic orientations
of the full initial EBSD scan taken before mechanical loading. It can be seen
97
5. VALIDATION OF CRYSTAL PLASTICITY MODEL
Figure 5.11: The inverse pole plot of the EBSD scan taken at the notch root
before testing, also highlighted are two other regions of interest
from the data in this region that there is some evidence of texture in the scan,
with a significant number of the grains orientating themselves in the <101>
direction. The intensity with which the area of interest differs from an area of
no texture can be measured by the MRD (multiples of random density), where a
maximum intensity of 1.56 is recorded for the initial EBSD scan. Figure 5.12(b)
shows the distribution of crystallographic orientations presented in region A, as
highlighted in figure 5.11. It can also be noted that there is a large population of
crystallographic points around the <101> direction in the initial scan.
5.3.1 Finite element results
As for the microbend analysis, two different length scale modelling approaches
were utilised in this work. The specimen level analysis used an elastic–plastic
material model derived from the data seen in figure 5.13 and was used to de-
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Figure 5.12: Inverse pole figures of (a) the intensity of orientation preference and
(b) the individual crystallographic orientations in Region A before loading occurred
termine the maximum load to be applied in the compact tension test and to
provide the relevant boundary conditions for the microlevel analysis. The nodal
displacements of the area of interest (Fig 5.14) were recorded and applied to the
microscale model. The testing and modelling for this part of the work was car-
ried out at 500 ◦C. Approx. 27,000 3D elements, with the smallest element size
approx. 15 µm.
The EBSD scan seen in figure 5.11 is converted to a RVE (representative
volume element) using the techniques outlined in chapter 4. The Euler angle
orientations are mapped to a finite element mesh of identical element size and
spatial resolution. This finite element framework is combined with the material
model outlined in chapter 4 and the boundary conditions defined by the specimen
level analysis to investigate the response of the material at the micro scale. 72,000
C3D8 elements were used in the the microscale RVE, with the smallest element
being 0.7 µm in size. The boundary and loading conditions for the RVE are
provided by the specimen level model, with the displacements recorded around
the area of interest acting as the loading conditions for the analysis.
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Figure 5.13: True stress-strain high temperature uniaxial data for P91 steel used
on the elastic plastic material model for the specimen level analysis
5.3.2 Specimen level results
The specimen level modelling analysis found that a load of approximately 4 kN
or an extension of 0.9 mm was sufficient to cause a local strain of 15 % at the
notch root. Figure 5.15 compares the notch opening from the experimental CT
specimen after loading with the specimen level modelling notch opening. It can
be seen that the notch opening is well predicted by the FEA analysis, adding
confidence to the analysis at the macroscale.
The linear region of the force v notch opening response (Fig. 5.16) is captured
well by the specimen level model, however as for the micro bend specimen the
yielding region is not so well predicted, with the yield load predicted by the model
being too high (9 % too high). The post yield response is under–predicted by
the model. However the response of the specimen at maximum load and after
unloading is captured very well by the specimen level modelling analysis. These
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Figure 5.14: Enchanced mesh of the area of interest where the nodal displace-
ments were used to apply the boundary conditions to the micro scale RVE
are key areas of interest as they represent the loadings experienced when the
EBSD scans are performed.
The differences between the modelling results and the experimental data may
be related to the material used in the compact tension test. The material model
(both at the specimen level and the microscale) has been calibrated from tensile
specimens extracted from the Lough Ree header. This material has a different
service history from the Coolkeeragh header, which was the source of the compact
tension specimens. Furthermore, the tensile specimens were extracted in the axial
direction, with fracture occurring in the hoop plane of the pipe, while the CT
specimens, due to the limitations of the pipe geometry, were extracted with the
notch plane normal to the axial direction (see Fig. 3.8 in Chapter 3). These
differences may provide an explanation for the differences in the specimen level
modelling when compared with the experimental data.
The notch opening can be seen in figure 5.15, where the experiment saw an
opening of 5.2◦, with the modelling predicting a notch opening of 5.5◦. This close
prediction by the specimen level model is another form of validation used in the
macroscopic scale analysis.
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Figure 5.15: Specimen level model validation using the (a) experimental notch
opening value to compare to the (b) specimen level analysis notch opening
5.3.3 Microscale results
The equivalent plastic strain (εeq) in the RVE after applying the loading dis-
placements can be seen in figure 5.17. It may be seen that the maximum strain
is present in the area adjacent to the notch root as expected. It may also be
noted that the area of highest strain are present at either side of the centre of
the notch (highlighted by the dashed line), rather than the centre. This is similar
to the findings of the specimen level model, as well as the tested specimen itself,
where the most damaged surface areas were at either side of the central plane. It
can also be seen that the strain present is somewhat symmetric about the central
plane, with the maximum strain being 26 % (adjacent to the notch root) and the
minimum strain present is less than 2%. Further analysis of the RVE showed that
the average strain present in the model was 16 %, consistent with the specimen
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Figure 5.16: Force versus notch opening plot of the high temperature compact
tension experimental data and the specimen level analysis
modelling prediction.
Figure 5.18(a) shows the orientation preference for the after deformation
EBSD scan. It can be seen that the crystallographic orientation preference for
the <101> direction is still present from the initial scan, however the the inten-
sity has been significantly reduced (from 1.56 to 1.39). Another feature that can
be noted is the further dispersion of the crystallographic orientations toward the
<111> direction, which causes the intensity in the <101> direction to reduce.
Figure 5.18(b) shows the individual crystallographic orientations present in re-
gion A (from figure 5.11), with each point corresponding to an crystallographic
point on the EBSD map. Comparing the initial inverse pole plot (figure 5.12(b))
with the new result shows a significant change in the distribution of the crystal-
lographic data. There is a clear dispersion of the cluster of points located at the
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Figure 5.17: Contour map of the accumulated equivalent plastic strain in the
micro scale RVE after loading was applied
<101> corner of the pole figure, which is in agreement with the trends witnessed
in the full EBSD scan.
The modelling predictions at the micro scale can be seen in figure 5.18(c)
and (d). The dispersion seen in the MRD for the second EBSD scan (5.18(a)) is
captured by the micro scale model, however the intensity is slightly lower than
the recorded experimental result (1.34 compared with 1.39). Figure 5.18(d) shows
the individual crystallographic orientations in region A of the modelling results.
When compared directly with the experimental results in 5.18(b), they capture
the change in grain orientations away from the <101> direction and toward the
<111> direction well. Other areas are not captured as well, with the model
over predicting the migration of crystallographic orientations toward the <001>
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Figure 5.18: Inverse pole plots of the (a-b) experimental results taken from the
EBSD scan and (c-d) the modelling results taken from the RVE analysis
direction.
In figure 5.19 the comparison between the microstructure at the notch root
before 5.19 (a) and after loading 5.19 (b) is made. These contour plots show the
change in crystallographic orientation indicated by the change in colour of the
grains. There is a clear change in the crysatllographic orientation when compar-
ing 5.19 (a) and 5.19 (b), with the highlighted areas indicating the regions of
particular interest. The grain (block) highlighted in section 1, with the colour
designation of dark green, clearly has its orientation altered during the deforma-
tion caused by the loading, changing to a lighter green. This change is indicative
of a change in orientation away from the (101) direction. Figure 5.19 (c) shows
the modelling prediction of the RVE and captures the changes seen in section 1,
with a change in the crystal orientation of the grain away from the (101) direc-
tion. There is also a physical deformation associated with the three point bend
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loading, this can be identified by the change in position of the grains in relation
to each other.
Figure 5.19: The initial microstructure (a) attained from the EBSD analysis
before loading, the deformed microstructure (b) after loading and the predicted
microstructure (c) achieved by modelling the initial microstructure applying ap-
propriate loading
The change in crystal deformation for the entire EBSD scan can be seen in
table 5.3, as well as the two blocks of interest highlighted in figure 5.11. The
modelling results are also provided in this table. The initial EBSD scan showed
a CD of 2.28
◦, consistent with the misorientation within each block due to the
presence of laths. This value increased after loading to 4.21◦ for the experimental
result and 4.03◦ for the modelling prediction. For the analysis of block 1, which
is situated in an area of low strain (less than 5 %) the initial value of 2.84◦
increases to 5.84◦ after experimental loading, while the micro scale model predicts
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an increase of 5.67◦. Block 2 experiences a high strain (16 %) and the initial
CD is recorded at 2.62
◦, which increases to 6.91◦ after the testing is completed.
The corresponding modelling prediction is 6.28◦. Overall the modelling analysis
captures the change in crystallographic orientation well both in terms of direction
and magnitude of misorientation change.
Table 5.3: Crystal deformation results.
0% Strain 20% Strain (Experiment) 20% Strain (Model)
RVE 2.28 4.21 4.03
Block 1 2.84 5.84 5.67
Block 2 2.62 6.91 6.28
5.4 Discussion
P91 has been an important material for high temperature applications in the
power generation industry for the last two decades. The ability to predict its
behaviour under working conditions is required for accurate design and assess-
ment of components. With this in mind our research focus is to develop an
accurate representation of the deformation of P91 at relevant length scales us-
ing a finite-element framework with appropriate experimental validation. In this
work modelling was carried out at two length scales. An isotropic elastic-plastic
model, with experimental data taken directly from monotonic, uniaxial data, was
constructed to capture the specimen level material behaviour of P91 at room tem-
perature. The predictions of specimen deformation and notch opening were in
close agreement with data from a notched three point bend test carried out using
a microtester. A polycrystal model, combined with EBSD data which captured
the local material orientation, was used to investigate the response of the mate-
rial in the vicinity of the notch root of the three point bend specimen. Excellent
agreement was obtained between the model and experimental data, by comparing
inverse pole plots and values of crystal deformation in relevant regions near the
notch root. The results of these simulations and experiments provide confidence
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in the use of slip-system based models for prediction of deformation at the mi-
croscale in P91 and other martensitic steels. Note that the current work does not
include the influence of other microstructural features, e.g. M23C6 precipitates,
on the deformation. The precipitate sizes are on the order of 0.1 micron and are
thus an order of magnitude smaller than the length scale being examined there.
For this reason they are not explicitly modelled in the analyses presented here.
The influence of precipitates is implicitly accounted for through the calibration
of the material model. (Thus a change in precipitate size or volume fraction
may require a recalibration of the material parameters presented in table 5.1).
On-going work by Li (2014) is being undertaken to investigate this aspect of the
problem to provide a comprehensive study of the response of these materials with
the influence of precipitate size and volume fraction explicitly accounted for. On-
going work by Li et al. (2014a) is being undertaken to investigate this aspect of
the problem to provide a comprehensive study of the response of these materials
with the influence of precipitate size and volume fraction explicitly accounted for.
5.5 Conclusions
1. The temperature and strain-rate dependence of ex-service P91 steel has
been obtained for typical power plant operating temperatures.
2. A crystallographic model, based on an EBSD characterisation at the block
level, was used to capture the behaviour of P91 steel at relevant temper-
atures. It was found that the model can capture the global deformation
of the steel at these temperatures, as well as accurately predict strain rate
effects.
3. The results indicate that the response of P91 may be accurately predicted
from an RVE based approach over a wide range of temperatures and strain
rates with a limited number of material constants.
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Case Study: Comparison of
modelling techniques for the
explicit modelling of 9Cr
martensitic steel
6.1 Introduction
Important insights can be obtained through computational studies, where the
material microstructure is explicitly modelled. In such models, the physical
mechanisms of deformation and damage can be represented at the microscale,
providing a more accurate prediction of material performance. In this chapter,
two approaches are examined to represent the microstructure of a martensitic
power plant steel (P91). In one approach the model is based on a measured
microstructure with electron backscatter diffraction (EBSD) employed to obtain
the orientation of the martensitic grain structure of the steel. The alternative
approach is to use a numerically simulated model where the microstructure is
generated using the Voronoi tessellation method. In both cases the microstruc-
tural model is incorporated within a representative volume element (RVE) in a
finite-element analysis. The material constitutive response is represented by a
non-linear, rate dependent, finite strain crystal plasticity model, with the mi-
crostructural orientation specified at each finite-element integration point by the
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microstructural model. The predictions from the two approaches are compared.
The stress distributions are observed to be very similar, though some differences
are seen in the strain variation within the RVE.
Figure 6.1: Generated microstructure model with grains obtained using Voronoi
tessellation.
This work investigates two methods of representing the microstructure of
P91. The first method investigated is one where electron backscatter diffraction
(EBSD) is used to determine the crystallographic orientation of each scanned
section. This technique was used to capture the orientations which are then used
to generate an accurate representation of the microstructure. The second method
utilises a generated microstructure, where Voronoi tessellation, Li et al. (2011),
is used to create grains of random size and orientation.
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Figure 6.2: Euler angle information obtained from electron backscatter diffrac-
tion.
6.2 Measured microstructure model implemen-
tation
P91 consists of a hierarchical microstructure that, due to its complexity, presents
a challenge to accurately represent. A sample of aged P91 was prepared for a
Hitachi Scanning Electron Microscope (SEM), using a combination of polishing
and etching. An electron backscatter diffraction (EBSD) analysis was conducted
on the prepared steel. This resulted in a 85µm× 62µm contour map, with each
scanned section represented by three Euler angles, determining the crystallo-
graphic orientation of the material. In order to encompass a representative re-
gion of P91 material, the spatial resolution of the EBSD map is on the order of
5 µm, resolving the orientation at the block level, rather than individual laths.
35,000 Euler angle sets are produced in the EBSD map, giving a high resolution.
This resulted in a model with 623 different Euler angle combinations. Figure 6.2
illustrates the Euler angle distribution obtained from the EBSD analysis (only
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Figure 6.3: Global stress versus strain graph of the two RVE models under 10%
uniaxial loading.
one of the three Euler angles is represented in the figure).
The EBSD Euler angle distributions were mapped to a regular 2D RVE con-
sisting of 33,000 square elements, with each element assigned the appropriate
orientation corresponding to the EBSD map. Grain boundaries are not explicitly
incorporated within the model as these arise naturally from the distribution of
orientations determined from the EBSD map. This model will be known as the
measured microstructure model (MM model). Although the MM and GM models
have different element counts, they are both modelled at the same level of detail
in each case; with blocks being represented with between 45 and 60 elements (the
area of microstructure modelled is larger for the GM model when compared with
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Figure 6.4: Normal stress distribution in the MM model at 10% uniaxial loading.
the MM model). The boundary conditions were periodic in nature and identical
to the the ones used for the tensile testing, outlined in chapter 5.
The material parameters used in the model are provided in Table 6.1. These
parameters have previously been calibrated against room temperature data for
P91 using the GM model. In this work the value of lattice friction stress (τ0)
in the MM model has been adjusted slightly (2.5% increase) in order to obtain
near identical response between the two models at the macro-scale (see Fig. 6.3).
The lattice friction stress to a large extent controls the global yield stress of the
material.
Table 6.1: Material parameters for martensitic steel (P91)
E100 ν100 G100 γ̇0 F τ0 S0 hs Ssat p q
GPa GPa s−1 kJ/mol MPa MPa MPa MPa
154 0.33 108 450 286 463 2.2 250 300 1 1.9
The normal stress distributions (in the direction of loading) are provided in
Fig. 6.4 for the MM model at maximum strain.
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Figure 6.5: Normal stress distribution in the GM model at 10% uniaxial loading.
Figure 6.5 illustrates the stress distribution in the GM model under uniaxial
loading. It can be seen that, as in the GM model, there is an inhomogeneous
distribution of stresses throughout the model. Similar levels of inhomogeneity
are observed, though the patterns are somewhat different. (Note that in Fig. 6.6
stresses above 1200 MPa are present on only 0.001% of the model. In other words
1200 MPa is a measure of the maximum stress in the model. The maximum
and minimum stress values indicated in Fig. 6.4 (-1006 MPa and 1620 MPa
respectively) are localised values present in only one or two elements and are not
representative of the overall distribution. They are included in the results for
completeness.) The difference between the stress distributions in the two models
are quantified in Figs. 6.6 and 6.7. In these figures, histograms representing
the distribution of the normal stress (σ22) in each model are provided. It can
be seen that the mean stress is very similar for both models at 737 MPa and
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Figure 6.6: Histogram of the stress distribution in the MM model at 10% strain.
734 MPa respectively, consistent with Fig. 6.3. The standard deviation is also
very similar for both models (SD = 146 MPa and 154 MPa, for MM and GM
models, respectively), a percentage difference of only 5%. This shows that the
GM model does not overestimate the variation in stress relative to those obtained
if the actual material microstructure is represented in the model.
Figures 6.8 and 6.9 shows the contour plots of the accumulated equivalent
plastic strain within the MM and GM model respectively. Equivalent plastic
strain was used in this analysis because the contribution of elastic strain is mini-
mal at this level of overall strain (10%), which can be seen in figure 6.3, and also
the material model being used is developed to incorporate damage and failure,
which is often based on equivalent plastic strain, Li et al. (2011). The corre-
sponding histograms are provided in Figs. 6.10 and 6.11, respectively. It can
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Figure 6.7: Histogram of the stress distribution in the GM model at 10% strain.
be seen in these figures that the strain distributions in the two models are of
similar magnitude. It may be noted from the contour plots that the microscopic
plastic strain can be more than double the applied strain of 10%, while regions
of the RVE experience strains of less than 5%. The histograms in Fig. 6.10 and
6.11 indicate some variation in the average (mean) value of accumulated plas-
tic strain between the two RVEs (both models have been loaded to the same
level of macroscopic (total) strain of 10%). The mean equivalent plastic strain
is above 10%, indicating the contributions to the equivalent accumulated strain
from regions of lower strain (since by definition the equivalent strain is always
positive). Both the mean value and standard deviation are higher for the MM
model (in contrast to the comparisons for the normal stress) although these dif-
ferences are relatively small. For example the standard deviation stress value for
116
6.3 Analysis of stress and strain distribution
Figure 6.8: Accumulated equivalent plastic strain distribution in MM model at
10% uniaxial loading.
the MM model is 146 MPa while the standard deviation for the GM model is 154
MPa, a percentage difference of 5%; this may be a consequence of the complex
inhomogeneous stress/strain patterns generated in the RVEthere is not a one-to-
one relationship between normal stress and plastic strain. In general however,
it is clear that the GM model, generated using Voronoi tessellation provides a
very good representation of the stress/strain distributions in this fine, complex
structured material.
6.3 Analysis of stress and strain distribution
The relationship between stress and strain distributions was investigated by ex-
amining the probability density functions arising from the stress and strain his-
tograms. For the GM model, generated using Voronoi tessellation, the distribu-
tion of the Euler angles is described using a Gaussian (Normal) probability density
function (PDF). It may be observed in Fig. 6.6 that the resulting stress distri-
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Figure 6.9: Accumulated equivalent plastic strain distribution in GM model at
10% uniaxial loading.
bution is also well described by a Gaussian PDF. For the MM model, although
no distribution of Euler angles has been prescribed, the stress distribution in Fig.













where σ̇ and µ are the standard deviation and mean of the distribution. The over-
all stress-strain response of the material, shown in Fig. 6.3, may be approximated
by a power law relation;
ε = (σC)n (6.2)
When σ and ε are the macroscopic stress and strain and C and n are material
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Figure 6.10: Histogram of the accumulated equivalent plastic strain in the MM
model at 10% strain.
constants. Figure 6.12 shows two possible fits (Fit A and Fit B) to the data using
the material constants along with the power law. Fit A underestimates the strain
hardening for strains less than 2% and overestimates strain hardening for strain
greater than 2%, while Fit B is a good fit over the whole range of strain. Using
these two fits allows us to investigate the relationship between the stress CDF
and the strain CDF when compared with the predictions attained for the MM
model. The material constants of both fits can be seen in table 6.2.
Table 6.2: Material constants for both fits
PDF n C
Fit A 5 7.2× 10−4
Fit B 11 1.1× 10−3
Based on this relationship and the rules for PDFs, the distribution for strain
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Figure 6.11: Histogram of the accumulated equivalent plastic strain in the GM
model at 10% strain.























The strain PDF defined in equation 7 can be integrated to give a cumulative
distribution function (CDF), the results of which can be seen in Figure 6.13.
This plot compares the strain distribution from the two CDFs to that of the
finite element analysis (FEA) analysis performed with the MM model. While
quantitatively the values for the FEA and the CDFs in figure 6.13 are not the
same, the strain PDF captures the trend presented in the FEA data. It may
be seen that while fit B closely matches the macroscopic stress-strain response,
it provides a poor representation of the strain distribution in the material over
the full strain range. Fit A provides a poor representation of the low strain
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Figure 6.12: Macroscopic experimental stressstrain data fitted with constitutive
law.
regions but correctly estimates the size of the high strain region in the model -
i.e. approximately 5% of the material volume has strain magnitude of 20% or
more.
6.4 Conclusions
Two models have been used to represent the microstructure of P91, a generated
microstructure model with grain morphology and orientation determined by the
Voronoi tessellation technique and a measured microstructure model with ori-
entations determined from an EBSD map. The models were calibrated to have
identical global response but predict somewhat different local stress and strain
distributions at the microscale. The predicted differences are not large, on the or-
der of 5% in the standard deviation of the normal stress and 20% in the standard
deviation of the equivalent plastic strain. Thus, it is expected that component
121
6. CASE STUDY: COMPARISON OF MODELLING
TECHNIQUES FOR THE EXPLICIT MODELLING OF 9CR
MARTENSITIC STEEL
Figure 6.13: A cumulative distribution function showing the FEA results com-
pared with model fit at 10% macroscopic strain.
lifetime predictions using a generated microstructure may not differ significantly
from those obtained using a measured microstructure. It is possible, that ori-
entation variations at lower length scales (distances less than 1 µm) may lead
to larger variations in predicted stress and strain distributions. However, this
may be in part to the size of the EBSD scan used in the measured microstructure
model. Upon further testing of the EBSD-based RVE it was found that there was
a size sensitivity when utilising the EBSD scans. Smaller scans, consisting of less
grains, were found to be less sensitive compared to larger scans which included
a more representative amount of grains for the material. Future studies (includ-
ing the high temperature calibration and mirco scale analysis outlined in chapter
5) utilised larger EBSD scans to explicitly model P91 steels, giving the results
a more robust validation. It is also clear from the results that the constitutive
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formulation outlined in equation 6.3 fails to capture the modelling results, with
a more complex formulation required.
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Conclusions and Future Work
7.1 Summary
The research work undertaken on the project consisted of the following activities:
1. A high temperature uniaxial test rig was used to determine the mechanical
behaviour of ex service P91 specimens at a range of temperatures and strain
rates.
2. Cross weld and weld specimens specimen were designed from a specially
prepared welded pipe joint that represented a weld repair and manufactured
for testing in the high temperature uniaxial test rig. These specimens were
tested at room temperature and 500 temperatures at a strain rate of 0.1
%/s.
3. Micro bend and compact tension specimens were designed and manufac-
tured. An EBSD analysis was undertaken on these specimen before and
after mechanical loading, providing a means of quantifying the influence of
the mechanical loading at the micro scale of the material.
4. Elastic constants for ex-service P91 steel were identified through the use of
neutron diffraction testing and verified through comparisons with literature.
5. Both the micro bend specimen and the compact tension specimen were
modelled at the specimen level to give an indication of the levels of stress
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and strain that would be experienced at the area of interest. This analysis
gave insight into the load and displacements required to bring the speci-
mens to the required strain so that the experimental design could be safely
developed. These specimen level models used an elastic plastic material
model that was derived from the uniaxial testing of the steel, both at room
and high temperature. The modelling force versus displacement results were
compared directly with the experimental data, validating the specimen level
analysis.
6. A microscale analysis was carried out for both the room and high temper-
ature cases. The FEA framework utilised the EBSD Euler angle data to
create a RVE for the area of interest at the root tip. The boundary condi-
tions for the RVE were provided by the specimen level analysis, where the
nodal displacements were used to simulate the complex loading conditions
seen in the experiments. The material response was generated by using
a flow rule that accounted for the slip systems specified by the crystallo-
graphic orientations provided by the EBSD analysis.
7. The change in crystallographic orientations was measured using a technique
(Crystal deformation) that utilised the Euler angle information generated
by the EBSD scans. This technique was used to compare the change in
misorientation seen across an area of interest. Crystal deformation was
employed to investigate both the change in experimental data before and
after mechanical loading and to compare the modelling predictions with
that experimental results.
7.2 Experimental testing
7.2.1 Uniaxial tensile testing
Uniaxial, displacement controlled mechanical testing was carried out at 20, 400,
500 and 600◦ C on the ex-service P91 specimens. Three strain rates were inves-
tigated; 0.025 %/s, 0.033 %/s and 0.1 %/s. For all the temperatures the elastic
modulus was in good agreement with published literature on P91 steel, despite
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the tested steel being ex service. Another observation was that the ductility of
the ex service steel is significantly reduced when compared to literature findings
for virgin P91 steel. There is also a strain rate effect present in the steel, which
increases with higher temperatures, which is in agreement with literature studies
carried out on the steel.
The weld specimens were tested at 20, 500 and 600◦ C and at a strain rate of
0.1 %/s. In all temperature cases the welded specimens demonstrated a higher
yield strength when compared with the parent material, however the ductility of
the weld specimens were significantly lower. As the temperature increased the
difference in the yield strength between weld and parent decreased, with the yield
strength of parent steel and the weld material being almost identical at 600◦ C.
The cross weld specimens were tested at 20, 500 and 600◦ C and at a strain rate
of 0.1 %/s. The room temperature cross weld yield strength was almost identical
to the parent material, however the cross weld specimens proved to present a
lower yield and ultimate tensile strength at high temperature when compared to
the parent steel. The ductility of the steel was significantly less than in parent
steel case, as in the weld material case.
In figure 3.19 it can be seen that there is a significant reduction in the stress
beyond yield. In a long term creep test this drop in stress may be attributed to
material softening. However in this uniaxial monotonic test under study here,
the reduction is more likely caused by necking of the sample through the gauge
length. This effect is not included in the RVE modelling as it would require the
non-uniform deformation in the necked region to be incorporated in the model.
The necking effect is related to local geometry changes in the necked region and
is not representative of the actual material behaviour. Thus, including this effect
in the model would not significantly add to the accuracy of the approach.
7.2.2 Microbend testing
Room temperature micro bend testing was carried out on a miniature notched ex
service P91 specimen. The EBSD scan taken at the root tip before loading had
a capture rate of 96 %, with the follow up EBSD scan having a capture rate of
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92 %. The results of the testing showed there was some surface damage present
at the notch root, reducing the
7.2.3 Compact tension testing
The compact tension specimens were tested in the uniaxial rig at 500◦ C at a
strain rate of 0.1 %/s. An EBSD scan was taken at the root tip before loading
and again after loading. The distribution of the damage on the surface of the
specimen was significantly different to the micro bend room temperature test,
with the damage occurring either side of the root tip. The oxidation caused by
the high temperature exposure made an extensive polish of the surface necessary
before the second EBSD scan was taken. The initial and final EBSD scans taken
had a capture rate of 94 % and 91 %. This reduction compared to the micro bend
specimen can be attributed to the difficulty in polishing and buffing the much
larger and more complex compact tension specimen.
7.3 Numerical simulation of P91 steel
7.3.1 Microbend modelling
The 3D specimen level analysis for the micro bend test was carried out using the
elastic plastic material model. A load of 180 N (or load point deflection of 2.8
mm) caused the required 20 % local strain at the root tip. The notch opening for
the specimen level model was compared with the notch opening of the specimen
after loading and was found to be in goof agreement, with the model predicting
a 19.8◦ deviation and the specimen experiencing a opening of 20.4◦. The force
versus displacement plot predicted by the model was compared directly with the
experimental data and was found to be in good agreement. The initial elastic
region and the maximum loading is captured well, however the yielding for the
modelling results were somewhat lower than the experimental data. The nodal
displacements around the area of interest were recorded and used as loading
conditions for the microscale analysis that followed.
The microscale analysis for the micro bend specimen was found to be in good
agreement with both the specimen level analysis and the experimental findings.
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The maximum strain at the notch root was recorded as 23 %, consistent with the
predicted strain in the specimen level model. The position and formation of the
areas of high strain was also consistent with the damage seen at the surface of the
specimen after testing. The crystal deformation analysis showed that the model
gave a good overall prediction of the evolution of the crystallographic orientations
after loading, with a slight under prediction of both the overall root tip area and
the two individual grains analysed.
7.3.2 Compact tension modelling
The 3D specimen level analysis for the compact tension specimen tested at high
temperature used data taken from a 500◦ C to provide the elastic plastic material
model required to predict the response of the steel. It was found that a load of
4 kN or a displacement of 0.9 mm would be enough to induce a local strain of
15 % at the root tip. The notch opening of the specimen was measured after
the high temperature the experimental analysis and was found to be 5.2◦. The
specimen level model predicted a similar value after loading, recording a value
of 5.5◦. The force v displacement plot for both the experimental data and the
specimen level modelling were compared and it was found that the modelling
prediction was in good agreement with the data, however it failed to fully capture
the yielding regime of the specimen. Similar to the micro bend analysis, the nodal
displacements around the area of interest were recorded and used to simulate the
specimen loading in the microscale analysis.
The microscale RVE analysis for the high temperature compact tension was
conducted and showed good agreement with the specimen level analysis. The
position of the maximum strain lay on either side of the root tip, mirroring the
findings of the 3D specimen level model. This result was also consistent with the
experimental result, with the largest areas of damage situated on both sides of the
notch root. The strain at the notch root was 19 %, with the average overall strain
present in the model standing at 15 %, consistent with the results seen in the
specimen level analysis. The crystal deformation results showed that microscale
modelling captured the crystallographic orientation evolution due to the loading
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well, with the model slightly under predicting the change in misorientation after
loading had occurred.
7.4 Future Work
• Further testing of complex multi axial loading configurations is needed,
with the aim of fully validating the material model. Testing in different
configurations, such as four point bend analysis, would be recommended.
This recommendation can also be applied to the high temperature com-
pact tension testing experimental analysis, where two tests at 500◦ C was
carried out. This testing would also benefit from other multi axial loading
experiments at different temperatures.
• Heat treatment plays an important role in determining the mechanical prop-
erties of P91 steel. The grain size, Morito et al. (2006), Wang et al. (2007),
lattice structure and precipitation size, Panait et al. (2010a), are heavily
influenced by the heat treatment before the steel is introduced to the power
plant. An investigation into the effect of the work history of P91 steel,
using the ex service steel as a comparison to virgin P91 steel would give
insight into the change in microstructure witnessed in the ex service P91.
This investigation into the ex service P91 steel could also be directly com-
pared with artificially aged P91 samples that are commonly used in creep
experimental analysis.
• Other techniques may prove useful in investigating the local response of the
steel. Digital image correlation, Renstar (2012) is one such technique that
could be further researched to investigate this and provide a further vali-
dation to the material modelling. This method relies on image registration
techniques that capture deformation on the surface of the sample. Refer-
ence points are required on the surface of the sample to allow for accurate
measurements. These reference points can be introduced through speckling
the surface with paint, or by nanoindentation of the surface.
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• Experimental testing to investigate the directionality of the P91 material,
particular specimens that have been extracted from ex service piping. All
the uniaxial specimens tested in this work have been extracted from the
axial direction, parallel to the pipes. This may have an effect on the results
that the modelling predictions. It is proposed that a program of testing is
conducted on specimens extracted in the hoop plane of the P91 pipe section.
• The work seen in chapter 6 can be expanded on. The generated microstruc-
ture model (GM) and the measured microstructure model (MM) were com-
pared with little difference noted between the two results. However, in
further work it was found that there is a minimum size requirement when
investigating areas of P91 microstructure. Further investigation needs to be
conducted into this limitation. Therefore it would be of interest to compare
an RVE, based on a larger EBSD scan with the GM model.
• The utilization of a more detailed flow rule model, Li et al. (2014b),Li et al.
(2014a), that incorporates the evolution of dislocation density through the
use of geometrically necessary dislocations (GND), which are governed by
the gradients of plastic strain, and statistically stored dislocations (SSD),
which are based on generation and recovery mechanisms, could be investi-
gated. This type of model would make the material modelling more robust
and allow for a further level of analysis at the lath level.
• Further investigation into analysing and post processing the EBSD data
could be developed. The Wilkinson method, Wilkinson et al. (2006) in
particular is a means of analysing the change in lattice strains during load-
ing. It involves the analysis of the Kukuchi pattern for both the unloaded
and loaded material and measuring the change in pattern to find the mi-
cro strain. This would provide a very useful means of model validation
and also giving a quantitative means of comparing model prediction with
experimental result.
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